High efficiency top-emitting organic light-emitting diodes: design and fabrication by Huang, Qiang
 
 
High efficiency top-emitting organic 
light-emitting diodes: Design and fabrication 
Dissertation 
Zur Erlangung des akademischen Grades 
Doctor rerum naturalium 
(Dr. rer. nat.) 
 
 
vorgelegt 
der Fakultät Mathematik und Naturwissenschaften 
der Technischen Universität Dresden 
von 
M.Sc. Qiang Huang 
geboren am 17.09.1973 in Shannxi, V. R. China 
May 2007
 
 ii
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Gutachter: Prof. Dr. Karl Leo 
Gutachter: Prof. Dr. Thorvald Andersson 
Gutachter: Dr. Gunther Haas 
 
Eingereicht am: 05. 2007 
Tag der Verteidigung: 24.09.2007
 
 iii
Publications 
Articles 
1. Qiang Huang, Sebastian Reineke, Karsten Walzer, Martin Pfeiffer, and Karl 
，Leo “Quantum efficiency enhancement in top-emitting organic light-emitting 
diodes as result of enhanced intrinsic quantum yield”, Appl. Phys. Lett. 89, 263512 
(2006). 
 
2. Qiang Huang, Karsten Walzer, Martin Pfeiffer, Karl Leo, Michael Hofmann, and 
Thomas Stübinger, “Performance improvement of top-emitting organic 
light-emitting diodes by an organic capping layer: an experimental study”, J. App. 
Phys. 100, 064507 (2006). 
 
3. Qiang Huang, Karsten Walzer, Martin Pfeiffer, Vadim Lyssenko, Gufeng He, and 
Karl Leo, “Highly efficient top emitting organic light-emitting diodes with organic 
outcoupling enhancement layers”, Appl. Phys. Lett. 88, 113515 (2006). 
 
4. Duncan Hill, Karl Leo, Gufeng He, and Qiang Huang, “Analysis of spatial 
coherence of organic light-emitting devices through investigation of interference 
effects observed in top-emitting devices”, App. Phys. Lett. 90, 101111 (2007). 
 
5. Kristiaan Neyts, Matthias Marescaux, Angel Ullan Nieto, Andreas Elschner, 
Wilfried Loevenich, Karsten Fehse, Qiang Huang, Karsten Walzer, and Karl Leo, 
“Inhomogeneous luminance in organic light emitting diodes related to electrode 
resistivity”, J. Appl. Phys. 100, 114513 (2006). 
Conference papers 
1. Qiang Huang, Karsten Walzer, Martin Pfeiffer, Gufeng He, Karl Leo, Michael 
Hofmann, Thomas Stübinger, and Martin Vehse, “High efficiency and low voltage 
p-i-n top emitting organic light-emitting devices”, Proceedings of the international 
Society for Optical Engineering (SPIE), 5937, 159 (2005). 
 
2. Yuto Tomita, Christian May, Michael Torker, Jorg Amelung, Karl Leo, Karsten 
Walzer, Karsten Fehse, and Qiang Huang, “High efficient p-i-n type OLED on 
ZnO:Al (ZAO)”, Proceedings of Organic Electronic Conference 2006, P020410 
(2006). 
 
3. J. Birnstock, M. Hofmann, S. Murano, M. Vehse, J. Blochwitz-Nimoth, Q. Huang, 
G. F. He, M. Pfeiffer, and Karl Leo, “Late-News Paper: Novel OLEDs for Full 
Color Displays with Highest Power Efficiencies and Long Lifetime”, 2005 Society 
for Information Display (SID) International Symposium, Digest of Technical 
 
 iv
Papers 36, p. 40 (Boston, MA, USA, 2005). 
 
Patents  
1. Karsten Walzer, Roch Teja, Qiang Huang, and Karl Leo 
Organische Leuchtdiode und Anordnung mit mehreren organischen Leuchtdioden 
(pending). 
 
 v 
Contents 
1  Introduction and motivation                                                1 
2  Physics of organic semiconductors and organic light-emitting diodes               5  
2.1  Basic physics of organic semiconductors..................................................................... 5 
2.1.1  Energy levels in organic materials................................................................... 5 
2.1.2  HOMO and LUMO in organic semiconductors.............................................. 6 
2.1.3  Excited states in organic molecules................................................................. 8 
2.1.4  Electronic transitions in organic semiconductors............................................. 9 
2.1.4.1  Radiative transitions ....................................................................... 10 
2.1.4.2  Non-radiative transitions ................................................................ 10 
2.1.5  Excitons ........................................................................................................ 11 
2.1.6  Transport properties of excited states ............................................................ 12 
2.1.6.1  Charge carriers in organic solids..................................................... 12 
2.1.6.2  Charge carrier transport in amorphous organic thin films............... 12 
2.2  Device physics of organic light-emitting diodes ........................................................ 14 
2.2.1  Device structure ............................................................................................ 14 
2.2.2  Electrical processes in the device .................................................................. 16 
2.2.2.1  Charge carrier injection .................................................................. 16 
2.2.2.2  Charge carrier transport in organic layers ....................................... 18 
2.2.2.3  Exciton formation........................................................................... 19 
2.2.2.4  Exciton diffusion (energy transfer) and decay ................................ 20 
I  Exciton formation in dye doped emissive layers............................ 21 
II  Exciton recombination (decay)..................................................... 22 
2.2.3  Optical processes in OLEDs ......................................................................... 22 
2.2.3.1  Light generation and reabsorption.................................................. 22 
2.2.3.2  Light outcoupling........................................................................... 22 
           I   Light outcoupling in conventional bottom-emitting OLEDs......... 23 
           II  Exciton recombination (decay) ...................................................... 24 
2.3  High efficiency top-emitting OLEDs......................................................................... 25 
2.3.1  Definition of efficiency ................................................................................. 25 
2.3.1.1  External quantum efficiency........................................................... 25 
2.3.1.2  Power and current efficiency.......................................................... 26 
2.3.2  Basics of a microcavity ................................................................................. 26 
2.3.3  Factors determining the external quantum efficiency of an OLED................ 27 
2.3.4  Ways to improve performance of top-emitting OLEDs................................. 28 
2.3.5  Doping basics................................................................................................ 29 
3  Materials and experiments                                                32 
3.1  Materials and their properties .................................................................................... 32 
3.1.1  Hole conduction materials for hole transport and electron blocking.............. 32 
3.1.2  Electron conduction materials for electron transport and hole blocking ........ 34 
 
 vi 
3.1.3  Host materials for emissive dopants.............................................................. 35 
3.1.4  Emitters and emissive dopants ...................................................................... 37 
3.1.5  Electrical dopants.......................................................................................... 40 
3.1.6  Purification of organic materials ................................................................... 41 
3.2  OLED preparation and measurements....................................................................... 41 
3.3  Experimental methods............................................................................................... 42 
3.3.1  Impedance spectroscopy ............................................................................... 42 
3.3.2  Photoelectron spectroscopy (UPS/XPS)........................................................ 46 
3.3.3  Efficiency measurements in integrating sphere ............................................. 47 
4  Top-emitting OLEDs with non-inverted structure                             49 
4.1  Introduction............................................................................................................... 49 
4.2  Optimization of the device structure.......................................................................... 50 
4.2.1  Influence of electrode materials on the electrical device properties............... 50 
4.2.1.1  Different anodes............................................................................. 51 
4.2.1.2  Different cathodes .......................................................................... 52 
4.2.2  Influence of organic layer thickness on the electrical device properties......... 53 
4.2.3  Influence of the reflectivity of the bottom contact on the device efficiency... 54 
4.2.4  Influence of organic layer thickness on the device efficiency........................ 55 
4.3  Highly efficient top-emitting OLEDs ........................................................................ 57 
4.3.1  High efficiency top-emitting OLEDs employing Ag as both bottom and top 
electrodes ..................................................................................................... 57 
4.3.2  Efficiency improvement by an organic capping layer ................................... 59 
4.3.2.1  Influence of the capping layer thickness on the performance of 
top-emitting OLEDs in perpendicular direction............................ 61 
4.3.2.2  Influence of the capping layer on the overall performance of 
top-emitting OLEDs ..................................................................... 64 
4.3.3  Highly efficient red, green, and blue top-emitting OLEDs............................ 67 
4.4  Quantum efficiency enhancement as a result of enhanced intrinsic quantum yield.... 69 
4.4.1  Experiment.................................................................................................... 69 
4.4.2  Results and discussion................................................................................... 70 
4.5  Conclusions............................................................................................................... 77 
5  Top-emitting OLEDs with inverted structure                                 78 
5.1  Introduction............................................................................................................... 78 
5.2  Challenges introduced by the inverted structure ........................................................ 79 
5.2.1  Inverted and non-inverted top-emitting OLEDs............................................ 79 
5.2.2  Inverted top-emitting OLEDs with different electrodes................................. 81 
5.2.3  Charge carrier injection................................................................................. 83 
5.2.4  Surface conditions of contacts....................................................................... 83 
5.3  Metal/organic interface study..................................................................................... 84 
5.3.1  Interfaces of metal on Bphen (ETL) and Bphen on metal ............................. 85 
5.3.2  Interfaces of metal/HTL and HTL/metal....................................................... 90 
 
 
 vii 
5.4  High efficiency inverted top-emitting OLEDs........................................................... 95 
5.4.1  Inverted devices with electron injection layers.............................................. 95 
5.4.2  High efficiency inverted top-emitting OLEDs .............................................. 96 
5.5  Conclusions............................................................................................................... 97 
6  Stability study of top-emitting OLEDs                                       98 
6.1  Introduction............................................................................................................... 98 
6.2  Influence of electrode materials on device lifetime.................................................... 99 
6.2.1  Influence of anode materials ......................................................................... 99 
6.2.2  Influence of cathode materials..................................................................... 103 
6.3  Influence of Ag top contact thickness on device stability......................................... 104 
6.4  Ultra-stable red top-emitting OLEDs....................................................................... 105 
6.5  Conclusions............................................................................................................. 107 
7  Summary and outlook                                                   109 
7.1  Summary................................................................................................................. 109 
7.2  Outlook.................................................................................................................... 110 
Bibliography                                                              112 
List of symbols                                                            120 
List of abbreviations.                                                       121 
List of compounds                                                         122 
Acknowledgements                                                        123 
 
 
Chapter 1  
Introduction and motivation 
Investigations on electroluminescence from organic semiconductors with a 
conjugated π electron system can be traced back for more than forty years. However, 
only after the first demonstration of an efficient organic light-emitting diode (OLED) 
by Tang and Van Slyke in 1987, featuring a single heterojunction structure [1], organic 
electroluminescent devices are able to show their true potential for display and 
lighting applications. Since this breakthrough, investigations on organic light-emitting 
diodes (OLEDs) have been intensified and many high efficiency OLEDs have been 
demonstrated.  
OLED technology shows great potential for flat panel displays (FPDs), flexible 
displays, and solid state lighting because of its technical merits such as being thin and 
light in weight, fast switching, wide viewing angle, low power consumption, etc. Up 
to now, OLED technology has already been used for small displays in several 
commercial products such as mobile phones, MP3 players, digital cameras, etc. 
Usually, for this kind of small and low resolution displays, passive matrix (PM) 
driving technology featuring a relatively simple addressing scheme is used. In this 
case, a conventional bottom-emitting OLED architecture is appropriate. However, to 
produce high-resolution and high-information content large-area displays, the active 
matrix (AM) driving mode has to be used, which implements a driving unit 
underneath each pixel and, hence, requires much more complicated addressing 
circuits than those of PM displays. Furthermore, to achieve stable and uniform 
luminance, an even more complicated addressing scheme is needed [2]. This 
inevitably reduces the aperture ratio (emission area) when a bottom-emitting OLED 
architecture is chosen (see Fig. 1.1) [3, 4]. As a consequence of this smaller aperture 
ratio, bottom-emitting OLEDs have to be driven at higher brightness to achieve the 
same level of brightness than displays having larger aperture ratio, leading to reduced 
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device lifetime and increased power consumption [5]. The problem of reduced 
aperture ratio can be overcome by using a top-emitting OLED architecture, as shown 
in Fig. 1.2. With light outcoupling from the top surface instead of from the back, all 
electronic devices on the backplane are buried under the diodes so that theoretically, 
they can emit over the entire pixel area, giving excellent fill factors and a large 
aperture ratio (~ 70%) [4], having advantages for high pixel resolution, high 
information-content active matrix displays [6]. In addition to the large aperture ratio, 
another advantage of top-emitting OLEDs is their easy integration with opaque 
substrates, such as silicon wafers and metallic foils, because light is emitted away 
from the substrate. Therefore, they can be integrated easily with the well-developed 
silicon thin film technology or be used to make cheap flexible displays or lighting 
units on metal foil. Because of their structural advantages, top-emitting OLEDs are 
currently under intensive investigation.  
 
 
 
 
 
 
 
 
 
 
Fig. 1.1. Active-matrix layout with bottom-emitting OLED architecture. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.2. Active-matrix layout with top-emitting OLED architecture. 
Light emission 
Aperture ratio ~ 70% 
Edge isolation 
Bottom electrode 
(reflective) 
Organics stack 
Top electrode 
(semitransparent) 
Substrate 
Light emission 
Aperture ratio ~ 40% 
Edge isolation 
Bottom electrode 
(transparent) 
Organics stack 
Top electrode
(reflective)
Substrate 
(transparent) 
Chapter 1 Introduction and motivation 
 
3
Normally, top-emitting OLEDs show quite strong microcavity effects because of 
the reflective anode and the partially reflective cathode used, as well as the overall 
device thickness being in the order of the emission wavelength. In this case, not only 
wide-angle, but also multiple-beam interference exist within the device. Optical 
interference effects in this kind of device are rather strong and thus play a crucial role 
in the distribution pattern (i.e. dependence of intensity and color on viewing angles) of 
the emitted light. Consequently, the emission of a top-emitting device depends 
critically on the optical properties of the electrodes and the constituent organic 
materials, the thicknesses of the organic layers, the position of the emission zone, etc. 
As an optoelectronic device, the performance of the devices depends also on the 
electrical device properties, which are determined by the electrical properties of all 
constituent layers such as carrier mobility, the thickness of the organic layers and their 
interfaces, and the energetic situation at the metal/organic interfaces. Therefore, to 
achieve high efficiency top-emitting OLEDs, the optical and electrical device 
structures have to be optimized simultaneously. Moreover, for display and lighting 
applications, the lifetime of the devices is another critical issue, which depends not 
only on the stability of the constituent organic materials, but also on the situation at 
the metal/organic and organic/organic interfaces. All these factors make the design 
and optimization of top-emitting OLEDs complicated and difficult. Therefore, almost 
all top-emitting OLEDs reported up to now show worse performance than 
corresponding conventional bottom-emitting OLEDs. The lower device efficiency and 
shorter lifetime remain as the main obstacles to the practical use of top-emitting 
OLEDs, despite their structural advantages. To justify the advantages of top-emitting 
OLEDs over their bottom-emitting counterparts and fully realize the potential of 
top-emitting OLED technology, high performance top-emitting OLEDs need to be 
developed.  
The research on top-emitting (transparent) OLEDs was initiated in 1996 by the 
Forrest group at Princeton University [7]. In their devices, sputtered indium tin oxide 
(ITO) was used as the top electrode. However, mainly due to sputtering damages of 
the underlying organic layers, all the devices showed much worse performance 
(external quantum efficiency around 0.1%) than corresponding bottom-emitting 
OLEDs [8]. Since then, most of the investigations on top-emitting OLEDs were 
focused on techniques to reduce the sputtering damage by introducing either a buffer 
layer [8-13] or optimizing the sputtering process [14-16]. As late as 2002, Lu et al. 
could show a top-emitting OLED with comparable performance to a control 
bottom-emitting device [17]. However, both devices had a low external quantum 
efficiency of around 6% at the current density of 10 mA/cm2 [17], which was 
significantly lower than the highest efficiencies reported at that time (> 10%) [18]. 
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Using a thermally evaporated thin metal film as the top contact, Hung et al. showed a 
top-emitting OLED with comparable electrical properties to corresponding 
bottom-emitting OLEDs, but still much lower efficiency [19]. Following this strategy, 
Riel and later other groups demonstrated high efficiency top-emitting OLEDs with 
much higher current efficiency in the perpendicular direction than corresponding 
bottom-emitting OLEDs [20]. However, the overall performance of the devices was 
still not comparable with their bottom-emitting counterparts [19, 20]. In this thesis, 
high performance red (external quantum efficiency of 15.3%), green (external 
quantum efficiency of 20.1%), and blue (external quantum efficiency of 5.0%) 
top-emitting OLEDs will be demonstrated, which show comparable or even better 
performance than the highest efficiencies reported for corresponding bottom-emitting 
OLEDs. 
This thesis focuses mainly on the techniques to achieve high-performance 
top-emitting OLEDs, regarding device efficiency and lifetime for both non-inverted 
and inverted structures. It is thus organized as follows: In Chapter 2, the basic physics 
of organic semiconductor materials are reviewed, including the electronic properties 
of organic semiconductor materials, molecular excitations and their electronic 
transitions etc., which are believed to be critical for understanding of the work. Then, 
the general device physics of OLEDs are reviewed in detail, which includes almost 
every important electrical and optical process involved in the device. Finally, 
techniques and methods used to improve the device performance are summarized, 
which includes electrical doping of charge carrier transport layers. In Chapter 3, all 
organic materials, experimental techniques, and characterization methods used in this 
study are briefly described. In the following Chapter 4, techniques that are used for 
device optimization of non-inverted top-emitting OLEDs are discussed. Also, the 
mechanism of light outcoupling enhancement by a capping layer is discussed there. In 
the last part of Chapter 4, the influence of the optical device structure on the intrinsic 
quantum yield of the emitters is studied. Chapter 5 is focused on inverted top-emitting 
OLEDs, which are believed to be better applicable with current mainstream n-type 
amorphous silicon thin film transistor (TFT) technology [21-23]. In this Chapter, the 
organic/metal and metal/organic interfaces are investigated in detail and their 
influence on device performance is discussed. In Chapter 6, the degradation of 
top-emitting OLEDs is studied, with a focus on the influence of electrode material and 
electrode thickness on the lifetime of top-emitting devices.
 
 
Chapter 2 
Physics of organic semiconductors and organic 
light-emitting diodes  
In this Chapter, the basic physics of organic semiconductors and the device 
physics of organic light-emitting diodes will be reviewed. Being covalently bound 
solids, electronic properties of inorganic semiconductor materials can be understood 
based on a well-defined band structure with nearly free charge carriers. However, as 
a result of much weaker van der Waals bonding in molecular solids, the dynamics of 
charge carriers and molecular excitations in organic semiconductor materials are 
much different from their inorganic counterparts. 
2.1 Basic physics of organic semiconductors 
2.1.1 Energy levels in organic materials 
Due to the weak van der Waals bonds in organic materials, the electronic 
structures and properties of these molecular solids are largely determined by the 
individual, isolated molecule. From a quantum mechanics point of view, the 
molecular wavefunctions Ψn and the corresponding energy levels En of a molecule are 
solutions of the non-relativistic Schrödinger equation: 
nnn EH Ψ=Ψ ,           (2.1) 
where H is the total Hamiltonian and n is a quantum number of an eigenstate. Based 
on the so called Born-Oppenheimer approximation where the motion of nuclei and 
electrons are solved separately, the total wavefunction Ψt and the total energy Et of a 
molecule can be approximated by: 
Chapter 2 Physics of organic semiconductors and light-emitting diodes 
 
6
rvet ΨΨΨ=Ψ ,           (2.2) 
rvet EEEE ++= ,          (2.3) 
where Ψe, Ψv, and Ψr are the electronic, vibrational and rotational wavefunctions, 
respectively, while Ee, Ev, and Er are the corresponding energies. However, if one 
wants to compute the electronic eigenstates of many-electron molecules, further 
approximations based on the molecular orbital theory are needed. A method called 
linear combination of atomic orbitals (LCAO) is frequently used, in which it is 
assumed that the electronic wavefunctions retain much of their atomic orbital 
characteristics when atoms combine to form a molecule [24]. 
For most organic molecules, the interesting optoelectronic properties can be 
understood mainly on the basis of the highest occupied molecular orbitals (HOMOs) 
and the lowest unoccupied molecular orbitals (LUMOs). In the simplest 
approximation, where internal interactions between electrons are neglected, the 
LUMO describes not only the lowest energetic position of an electron excited from 
one of the internal occupied energy levels, but also the lowest possible energetic 
position of an extra electron brought in from outside [25].  
2.1.2 HOMO and LUMO in organic semiconductors 
Organic semiconductor molecules are usually characterized by a conjugated 
π-bond network with alternating single (σ) and double/triple (σ and πa, see Fig. 2.1a) 
bonds. The π bonds in the molecule interact with each other freely, leading to a 
delocalized π system with formation of new molecular orbitals. These molecular 
orbitals are called π orbitals which may extend over the whole molecule, as illustrated 
in Fig. 2.1b where the delocalized π system of a benzene molecule is shown. Normally, 
the highest occupied and lowest unoccupied molecular orbitals (HOMO and LUMO, 
respectively) in organic semiconductor molecules are π orbitals. Therefore, the 
HOMO corresponds to bonding π and LUMO to anti-bonding π* orbitals which have 
higher energy. When forming films, these molecules overlap with their extended π 
orbitals because π orbitals feature large electron density on both faces of the carbon 
backbone. As a result of this π orbital overlapping of neighboring molecules, 
intermolecular electron exchange can happen within HOMO or LUMO. However, 
because of the slight overlap of π orbitals between molecules due to weak van der 
Waals bonds, this exchange is so weak that electrons are rather localized at individual 
                                                 
a In a π bond, the electron density is concentrated above and below the bond axis. Depending on whether 
p orbitals are oriented in phase or out of phase, a bonding (π) or anti-bonding (π*) bonds is created. 
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molecules and, unlike in the case of inorganic semiconductors, there are no really free 
electrons. Nevertheless, it still can be considered that the HOMO and LUMO levels 
are to organic semiconductors what valence and conduction bands are to inorganic 
semiconductors.  
 
 
Fig. 2.1. Schemes of (a) a double bond of two sp2-hybridised carbon atoms, which consists of an σ 
and a π bond, and (b) a delocalized π system of a benzene molecule (reprinted from [26]). 
Similar to the band splitting in an inorganic semiconductor, intermolecular 
interactions in molecular solids with conjugated π systems also lead to a splitting of 
the HOMO and LUMO and to the formation of narrow bands (energetic intervals). 
The energy difference between the HOMO and LUMO level, which is typically in the 
range of 1.5-3 eV [24], is regarded as band gap energy, corresponding approximately 
to the lowest energy required to generate an excited state. The band gap usually 
decreases with increasing delocalization as the π electron system becomes larger. For 
example, the HOMO-LUMO gap values of polycyclic compounds decrease with 
increasing number of benzene rings, as shown in Fig. 2.2, where gap values of 
benzene, naphthalene, anthracene, tetracene, and pentacene are demonstrated from 
experiment and calculation using Hückel theory [27].  
 
 
 
 
 
 
 
 
 
σ bond 
π bond 
π bond 
Delocalized 
π electrons 
(a) (b) 
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Fig. 2.2. HOMO-LUMO gap from experiment (solid circles) and calculated with Hückel theory 
(open squares) (reprinted from [27]) for organics from benzene to pentacene. 
2.1.3 Excited states in organic molecules 
As indicated in Eq. 2.2 and 2.3, the energy states of molecules correspond not 
only to electronic, but also to vibrational and rotational degrees of freedom. However, 
the energy transition processes are dominated by transitions between electronic states 
with magnitude in the order of eV. Therefore, typical energy levels/states and 
energy-transfer processes can be well described by a modified Jablonski diagram 
where only electronic levels are presented (see Fig. 2.3). 
 
Fig. 2.3. Jablonski diagram of an organic molecule depicting typical energy transitions processes. 
Solid and dashed arrows represent radiative and non-radiative process, respectively. A-Absorption; 
F-Fluorescence; IC-Internal conversion; ISC-Intersystem crossing; Ph-Phosphorescence; 
ET-Energy transfer to other molecules. 
By photoexcitation, an electron from the ground states could be promoted to an 
excited state resulting in two unpaired electrons with one electron in an unfilled 
orbital having higher energy (for example in the LUMO), while the other one remains 
in a partially filled ground state (for example in the HOMO) with each electron 
S2 
S1 
S0 
T1 
T2 
A A F 
IC
IC
ISC
Ph ISC
ET etc. 
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having spin 1/2. According to quantum mechanics, the total spin S of these two 
unpaired electrons can only take the values of S=0 or S=1. The S=0 state, called 
singlet state (denoted by S), is spin antisymmetric under particle exchange with the 
spin state:  
{ } )()()()( 
2
1
2121 eeee ↑↓−↓↑=−σ .     (2.4) 
In contrast, the S=1 state which is called triplet state (denoted by T), is spin symmetric 
under particle exchange having three possible spin states:  
{ } )()()()( 
2
1
2121 eeee ↑↓+↓↑=+σ ,     (2.5) 
)()( 21 ee ↑↑=+σ ,          (2.6) 
)()( 21 ee ↓↓=+σ .          (2.7) 
Here, the symbols of ↑ and ↓ represent the possible spin states of each electron. Two 
electrons are signified by e1 and e2, respectively [28].  
In a simplified case, the singlet and triplet states of two unpaired electrons can be 
schematically represented as shown in Fig. 2.4.  
 
 
 
 
 
 
Normally, the triplet state is at a lower energy than the corresponding singlet state 
because according to Pauli’s exclusion principle, the average Coulomb repulsive force 
is larger in the singlet than in the triplet state as a result of closer average distance of 
electrons in the singlet state. The energy splitting between them is typically in the 
order of 0.1-1 eV.  
2.1.4 Electronic transitions in organic semiconductors 
As illustrated in Fig. 2.3, after an electron being promoted to an excited state as a 
result of energy absorption, the electron relaxes towards the ground state losing 
energy via both radiative and non-radiative processes. The extent of these decay 
pathways is determined by the relative magnitudes of their rate constants. 
S=0 S=1
Fig.2.4. Simplified representations of 
singlet and triplet states. 
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2.1.4.1 Radiative transitions 
According to Pauli’s exclusion principle, the ground state is a singlet state S0. 
This means that only singlet excited states (S1, S2 etc.) can be created directly by 
photo-absorption because the total electron spins have to be conserved during the 
transitions. The recombination from S1 to S0 can occur by the radiative emission, 
known as fluorescence. As a spin allowed transition, fluorescence is a rapid radiative 
process with a typical rate constant of ~106-109 s-1 [25]. Although theoretically spin 
forbidden, radiative decay from the triplet to the ground states is also possible due to 
singlet-triplet states mixing because of spin-orbit coupling induced by heavy elements. 
This radiative emission is called phosphorescence, which is much slower with a rate 
constant of ~10-2-106 s-1 [25]. 
2.1.4.2 Non-radiative transitions 
The radiative transitions discussed above have to compete with non-radiative 
transitions during the energy transfer process. If a non-radiative transition occurs 
within the same spin multiplicity, it is called internal conversion (IC). As one of the 
major non-radiative transitions, internal conversion always occurs from higher lying 
excited states (for example Sn+1 to S1, where n≥1) to lower ones, losing energy via 
vibrational relaxation on the same timescale as molecular vibrations (10-13 s), which is 
orders of magnitude faster than radiative decay. As a consequence, molecular 
luminescence always occurs from the lowest excited states (S1 or T1), which is known 
as the Kasha rule. Although it is much slower, the internal conversion can also occur 
during transitions from S1 to the ground state (S0). In this case, the internal conversion 
rate is approximately proportional to the number of possible non-radiative pathways 
and is therefore usually larger for larger molecules and aggregates of molecules. On 
the other hand, electron transfer between states of different multiplicities via 
spin-inversion is called intersystem crossing. As illustrated in Fig. 2.3, the process 
involves the conversion of singlet to triplet states or vice versa. By spin-orbit coupling 
induced by heavy elements, the intersystem crossing from S1 to T1 can be very 
efficient, resulting in highly efficient phosphorescent OLEDs with internal quantum 
efficiency close to 100% by harvesting both singlet and triplet excitons [29, 30]. 
An excited molecule can also transfer its energy non-radiatively to neighboring 
molecules via dipole-dipole interactions (Förster transfer), electron exchange (Dexter 
transfer) or emission-reabsorption processes (rarely occurring in OLEDs). The first 
two are the major mechanisms for achieving high efficiency OLEDs based on 
host-guest emission systems (details in Section 2.2.2). 
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2.1.5 Excitons  
The singlet (triplet) excited states can further localize with the formation of 
singlet (triplet) excitons under Coulomb attraction. Thus, excitons appear as bound 
states of charge carrier pairs with opposite electric charge. In solid materials, 
according to their degree of delocalization, there are normally three kinds of excitons, 
which are called Frenkel, charge-transfer, and Mott-Wannier excitons [31].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.5. Schematic of a (a) Mott-Wannier exciton with the corresponding semiconductor band 
diagram and (b) Frenkel exciton (singlet) showing the energy level diagram of discrete molecular 
states (reprinted from [26]). 
As shown in Fig. 2.5, a Mott-Wannier exciton is a weakly correlated excited state 
with a large exciton radius (4~10 nm), which is usually found in inorganic 
semiconductors with well defined band structure. On the contrary, a Frenkel exciton is 
a strongly correlated electron-hole pairb that is rather localized on a single molecule 
with its size corresponding to the molecular size (typically 0.5-1 nm) and a binding 
energy in the order of 0.3-1 eV. As a transitional excited state, a charge-transfer 
exciton is an intermediate between a Mott-Wannier and a Frenkel state, which may 
further localize to a Frenkel exciton. 
In organic semiconductors, only Frenkel excitons and their precursors, the 
transitional charge-transfer (CT) excited states (excitons) can be found because of the 
strong Coulomb interaction between positive and negative polarons due to the small 
                                                 
b Actually, charge carriers here are not electrons or holes but rather polarons. 
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dielectric constant of the material. 
2.1.6 Transport properties of excited states 
2.1.6.1 Charge carriers in organic solids 
Due to the weak van der Waals interaction between molecules of organic 
semiconductors, the distance between molecules is so large that there is only a weak 
overlap of the molecular orbitals, resulting in a small intermolecular electron 
exchange. Charge carriers are rather localized at individual molecules. As a result of 
their local relaxation, charge carriers interact strongly with the electronic and nuclear 
subsystem of crystals, which may lead to the formation of electronic, molecular, and 
lattice polaronsc. The electronic polarization (electronic polaron), interaction of a 
localized charge carrier with valence π and σ electrons of its neighboring molecules, 
is a very fast process with a typical relaxation time between 10-16-10-15 s, which is 
much shorter than the typical moving time of charge carriers [31]. It is therefore the 
primary and dominant interaction of an excess charge carrier with surrounding 
molecular lattices, having a typical energy of 1.5 - 2.0 eV [31]. Consequently, the 
electronic polarization is the most important factor determining the charge carrier’s 
self-energy and, correspondingly, the position of electronic conduction states in the 
energy diagram of organic semiconductors. The other two processes have similar time 
scales as those of charge transport in organic materials. The relaxations can thus be 
complete (adiabatic transport) or incomplete (non-adiabatic transport). In disordered 
organic materials, however, charge carrier transport is so slow that all three relaxation 
processes can be assumed to completely take place.  
2.1.6.2 Charge carrier transport in amorphous organic thin films 
All the relaxation processes discussed above stabilize the charge carriers 
energetically, and, thus, reduce the band gap. They either lead to hopping transport or 
band-like transport with a reduced bandwidth [32]. 
At very low temperature, charge carrier transport in some sufficiently pure and 
perfect organic crystals can be described by coherent band-like transport [33], leading 
to quite high mobility around 400 cm2/Vs or even higher [34]. However, for 
disordered organic molecular thin films, like most of the organic layers in OLEDs, 
                                                 
c A Polaron is a quasiparticle comprising a charge carrier and the induced surrounding polarization. 
Based on different kinds of polarization process such as electronic, vibronic and phononic relaxation, the 
quasiparticles are divided into electronic, molecular, and lattice polarons, respectively. 
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there are no well-defined band structures due to the absence of extended delocalized 
states, which results in a relatively broad density of states (DOS) energy distribution 
for both neutral and charged excitations. The HOMO and LUMO energy levels of the 
molecules are thus rather widely distributed as a result of the structural disorder and in 
some case can be well approximated by a Gaussian-like distribution [35]. Charge 
carrier transport in such a system can then be described as stochastic hopping process 
between strongly localized states, resulting in low carrier mobilities. The hopping rate 
from one site to another depends on both their energy difference and the distance 
between them, being therefore strongly dependent on temperature and electric field 
[36, 37], which is frequently observed following a Poole-Frenkel like formula: 
)exp(),( 0 FTE βμμ =  ,        (2.8) 
where μ0 is the charge carrier mobility without field and β is the electric field 
activation parameter of the mobility, both of which are characteristic constants of the 
organic material. It is found that β is related to the degree of disorder in the material 
[38] and μ0 primarily to the hopping distance, hopping frequency, and wave function 
decay constant of the carrier in the material [39]. Although many transport concepts 
developed for amorphous inorganic materials can be adapted to organic systems to 
some extent [40], the Gaussian shaped density of states (DOS) and the weak molecule 
interaction lead to some peculiarities in organic materials. Using a disorder-based 
model, Bässler and coworkers could achieve a quite good fit to the transport 
measurements of disordered organic materials [35]. For electrically doped organics, 
several other methods are used to describe hopping transport and determine 
conductivity or mobility, which includes the effective transport energy concept [40] 
and percolation theory [41, 42]. 
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2.2 Device physics of organic light-emitting diodes 
2.2.1 Device structure 
Theoretically, an OLED has a structure that can be as simple as only one organic 
layer sandwiched in between two electrodes, an anode and a cathode, as shown in Fig. 
2.6.  
 
 
 
 
 
 
 
 
Fig. 2.6. Single-layer device under forward bias with the organic layer acting as charge carrier 
injection, transport, and emission layer.  
To have light coupled out of the device, at least one of the electrodes is light 
transmissive. When an electric potential is applied between the electrodes so that the 
device is forward biased, i.e. the anode is at positive and cathode at negative bias, 
holes and electrons are injected into the organic layer from anode and cathode, 
respectively. After charge carrier injection, they are transported towards the opposite 
electrode under the internal electric field, until in an ideal case, they catch each other 
forming excitons, which then decay radiatively (and non-radiatively). In this case, the 
organic layer has to function not only as the emission layer (EML), but also the hole 
injection / hole transport layer (HIL/HTL) and electron injection/electron transport 
layer (EIL/ETL).  
However, the single-layer structure is rarely used because of its extremely low 
efficiency: Usually, an organic semiconductor has different electron and hole mobility, 
so that the exciton formation occurs at positions very close to the electrodes where the 
excitons can be easily quenched. Furthermore, due to the different hole and electron 
injection efficiency into the organics, change carriers are unbalanced in the organic 
layer, resulting in an excess of one carrier type which leads to not only a low 
efficiency and short device lifetime, but also to high leakage current, which reduces 
device stability. To get high performance OLEDs, a multilayer structure has to be used, 
as shown in Fig. 2.7. Every layer has to fulfill specific requirements so that individual 
steps involved in OLEDs can be optimized separately. Normally, from the hole 
Organic semiconductor
Anode 
Cathode 
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injection and transport side, the HIL is used with a suitable energetic level of the 
HOMO so that the energy barrier for hole injection is reduced, making hole injection 
from the anode into the HTL easier. The HTL should have a high hole mobility and 
appropriate HOMO and LUMO level so that it can also block electron injection in the 
opposite direction. EIL and ETL are normally used with similar requirements for the 
LUMO positions for electron injection, transport and hole blocking. For the EML, the 
primary criterion is its intrinsic efficiency: It should be as high as possible. In addition, 
the HOMO and LUMO positions of the EML have to make hole and electron injection 
from the neighboring layers possible. The desired light wavelength can be achieved 
by using different emitters either as bulk material or by co-evaporation with a matrix 
material. In phosphorescent devices, where the long lifetime of the triplet excitons 
normally leads to a large diffusion length of triplets, additional layers, so called hole 
and electron blocking layers (HBL and EBL) are widely used to confine excitons 
within the EML. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.7. Multi-layer OLED structure with ideal energy diagram under forward bias. 
Although small molecule organics used in OLEDs usually rely on disordered 
materials without a well defined band structure, for simplicity, the HOMO and LUMO 
levels are still treated in a band-like fashion with the additional assumption that the 
vacuum level of every layer is aligned (see Fig. 2.7)d.   
                                                 
d It is well established that interface dipoles are usually formed at organic/metal interfaces, which makes 
the assumption invalid. However, the assumption is reasonable for organic/organic interfaces, since most 
of the organic/organic heterojunction have interface dipoles with energy < 0.1 eV [43]. 
Anode   HIL  HTL     EML ETL       EIL     Cathode
Injection Transport
Injection Transport
Emission
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2.2.2 Electrical processes in the device 
Under forward bias, the electrical processes in a typical OLED can be roughly 
divided into four steps: (1) hole and electron injection from anode and cathode, 
respectively; (2) charge carrier transport towards the opposite electrode under internal 
electric field; (3) exciton formation due to the Coulomb interaction; (4) exciton 
diffusion and recombination (radiative and nonradiative decay). Among these steps, 
charge carrier injection and transport are of great importance in determining device 
efficiency [44] and lifetime [45]. 
2.2.2.1 Charge carrier injection 
In an OLED, hole injection takes place from the Fermi level of the anode into the 
HOMO of the HIL (or HTL) and electron injection from the Fermi level of the 
cathode into the LUMO of the EIL (or ETL). Due to differences of their energy level, 
energy barriers for charge carrier injection exist and have to be overcome. For 
interfaces formed between inorganics or polymers with a metallic contact, the energy 
barriers can be predicted by the Schottky-Mott model with nearly perfect vacuum 
level alignment across the interfaces [46]. However, it is found that interface dipoles 
usually exist at the molecular organic/metal interfaces due to possible induced gap 
states [47], charge exchange [48], or molecular adsorption etc. [49], which makes the 
calculation of the barrier height difficult. Using a general model called induced 
density of interface states (IDIS), Kahn et al. tried to relate the barrier to the metal 
work function and to organic parameters [50]. They found that the density of gap 
states in the organic, which is induced by metallic states in close proximity to it, plays 
a key role in defining the position of the Fermi level. The occupation of these gap 
states determines the size and sign of the interface dipole [43].  
To get maximum possible charge carrier injection, it is desirable to have Ohmic 
contacts so that the current flowing in the OLEDs is only limited by charge transport 
in organic layers. However, if energy barriers at the electrode/organic interfaces are 
high enough, an injection limitation will occur. For inorganic semiconductors, two 
models are mainly used to describe charge carrier injection: The Richardson-Schottky 
(RS) thermionic emission and the Fowler-Nordheim (FN) tunneling model [51]. In the 
RS model, tunneling is ignored and charge carriers from the contact can be injected 
once they have acquired sufficient thermal energy to overcome the maximum 
potential resulting from the superposition of the external and the image-charge 
potential. The temperature dependent current density is given by: 
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Here, A* is the Richardson constant (A*=120A/(cm2K2) if the effective mass of 
electrons inside the dielectric is equal to free electron mass), T the temperature in K, 
δB the zero field barrier height, and F the external electric field. In the FN model, 
charge carriers are injected into the semiconductor by tunneling. Ignoring the image 
charge effects and assuming tunneling through a triangular barrier, the FN model 
yields:  
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Both mechanisms are only valid under certain conditions for carrier injection into 
semiconductors with extended band states and large mean free path. However, they 
are not suitable for carrier injection into organics, which are usually disordered 
systems with rather low average mean free path (in the order of the molecular 
distance). Nevertheless, both models can qualitatively describe carrier injection into 
organics to some extent. It is obvious from both models that the carrier injection 
depends on the barrier height (δB), which is the difference between the work function 
of the anode (cathode) and HOMO (LUMO) of organics, assuming that there is no 
interface reaction and dipole formation. This is confirmed by the experiments of 
various groups [52-54], which found that the injection efficiency (defined by the ratio 
of injection limited to the bulk limited current) scales with the difference in the 
appropriate energy levels of the metal and the organic. To describe the charge 
injection into organics well, a large backflow of injected carriers to contact due to the 
low mobility has to be taken into account. This means that the charge carrier injection 
may also depend on the carrier mobility in the organics [55]. There have been already 
several analytical studies and simulations on charge carrier injection into disordered 
hopping systemse [56-58]. 
It is estimated that a barrier height around 0.3-0.4 eV is low enough to result in an 
Ohmic contact for an organic layer with a mobility in the order of 10-5 cm2 /(Vs) [59]. 
However, in OLEDs, a barrier height in this range will not guarantee an Ohmic 
contact due to the fact of double-carrier injection, where charges of opposite sign are 
mutually able to compensate part of the space charges and recombine. Thus, it is more 
                                                 
e Details are given in Section 2.1.6.2 
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complicated to simulate the carrier injection in OLEDs. Nevertheless, from the above 
discussion, it is possible to improve charge carrier injection by reducing barrier 
heights and increasing charge carrier mobilities of organics. This can be achieved by 
p- and n-type doping of charge carrier injection and transport layers, which we are 
going to discuss in detail in Section 2.2.5. 
2.2.2.2 Charge carrier transport in organic layers 
After injection from the electrodes into the organics, charge carriers are 
transported under an applied electric field towards the counter electrode. Since charge 
carriers are rather localized at the individual molecules, there exists a pronounced 
interaction between charge carriers and surrounding molecules, which leads to full 
relaxation of charge carriers. Thus, it is widely accepted that charge carriers exist as 
polarons rather than as free holes and electrons. Therefore, following carrier injection, 
electrons and holes enter negative (P –) and positive polaron (P +) states, respectively. 
In addition to the localization of charge carriers, small molecular organic films 
prepared by physical vapor deposition are usually amorphous without periodic order, 
so that charge carrier transport can not be defined as coherent motion in a 
well-defined band structure as it is in inorganic semiconductors. Carrier transport in 
organic layers is normally described by incoherent jumps between sites with different 
energy and distance due to the disorder in organics. Moreover, carriers can be 
intermittently trapped in local states induced by impurities or structural defects. All 
these factors lead to much lower charge carrier mobility as compared to inorganic 
semiconductors. For undoped organic layers in OLEDs, the hole mobility is typically 
between 10-7 and 10-3 cm2/Vs, and the electron mobility is typically by a factor of 
10-100 lower at room temperature.  
As discussed before, charge carriers flowing in the device can also be limited by 
carrier transport in organic layers, which is the so-called space charge limited current 
(SCLC). In this case, electrodes have to be able to inject carriers faster than the 
organic bulk material can move them away, creating space charges. This in turn 
reduces the electric field at the injecting contact and thus impedes further charge 
carrier injection. For a single carrier device with a negligible intrinsic concentration of 
both carriers and traps, and with a mobility independent of the electric field, the 
SCLC is proportional to the mobility, square of the applied bias, and inverse to the 
organic layer thickness, following the Mott-Gurney equation [60]:  
3
2
08
9
d
VjSCLC μεε= .         (2.11) 
In real single carrier devices, however, there exists a high density of trap states in the 
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organic layers. The Mott-Gurney equation is therefore only valid at high voltage 
where all traps are filled. At relatively low voltages, before all traps are filled, a trap 
charge limited current (TCLC) can be expected, with a power law dependence of 
current on voltage, following J~Vm+1, where the empirical parameter m indicates the 
distribution of trap states in the band gap [61]. This TCLC can also be found in some 
kinds of OLEDs, for example, in the Alq3 based bilayer (only one heterojunction) 
device with one dominant kind of carrier, despite of double carrier injection. In this 
case, the device can be treated as a single carrier device and a large exponent power 
law dependence of J~V8~9 is observed over a wide voltage range [62]. However, the 
situation becomes more complicated in state-of-the art OLEDs, which have a 
multi-layer structure (several heterojunctions). Double carrier injection, exciton 
formation, diffusion, and recombination have to be taken into account. In addition, 
there exist energy offsets at these heterojunctions, which have to be overcome during 
charge transport. 
2.2.2.3 Exciton formation 
Following electron and hole injection into organic semiconductor thin films, free 
polarons are formed. When P+ and P- polarons encounter each other, they can be 
bound together by the Coulomb force, forming a neutral bound polaron pair, or charge 
transfer (CT) state. Once the CT states are formed, they continue to localize, forming 
triplet and singlet Frenkel excitons, as illustrated in Fig. 2.8. 
 
 
 
 
 
 
 
 
 
 
 
 
In an ideal situation where there is a random electrical injection, as in the case of 
light-emitting diodes and spin independent recombination, the numbers of singlet to 
triplet excitons formed approximately follow spin statistics (see Section 2.1.3) with 
the ratio of 1:3 [64]. For small-molecule devices, it is generally accepted that only 
Fig. 2.8. Illustration of physics of spin 
formation (reprinted from [63]). 
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25% singlet excitons are formed during electrical excitation [30, 65]. This singlet 
exciton ratio (25%) is believed to limit the external quantum efficiency of fluorescent 
OLEDs to 5% assuming the outcoupling efficiency to be 20%. However, very recently, 
Shibata et al. questioned this singlet to triplet ratio by showing fluorescent OLEDs 
with an external quantum efficiency as high as 10% [66]. The ratio is also under 
controversy for polymer semiconductors. Although several results show that in some 
polymers, electrical excitation could generate singlet excitons far exceeding 25% 
[67-69], there are also arguments that the ratio is still around 25% and the observed 
relative high efficiency in fluorescence polymer LEDs, compared to their small 
molecule OLED counterparts, is mainly attributed to a high outcoupling efficiency of 
the devices due to preferentially in-plane aligned polymer chains [63].  
2.2.2.4 Exciton diffusion (energy transfer) and decay 
Excitons can diffuse in the solid after their formation and subsequently 
self-trapping by exciton-phonon coupling. As mobile molecular excited states without 
involving any net electric charge exchange, the exciton diffusion is actually an energy 
transport process between either the same or different type of organic molecules. The 
former process is called energy migration while the latter is called energy transfers. 
The bulk behavior of exciton diffusion can be described by the diffusion length: 
τeD DL = ,           (2.12) 
where De is the diffusion constant and τ the exciton lifetime. Normally, four methods 
are used to measure diffusion of excitons: Bulk quenching, surface quenching, 
bimolecular recombination, and photoconduction. It is demonstrated that the diffusion 
length of excitons in fluorescent materials, for example Alq3, is usually within 10 nm 
[70]. In phosphorescent materials, it depends strongly on current density applied 
because of triplet-triplet annihilation and triplet-charge carrier quenching due to the 
long lifetime of triplet excitons (normally on the order of μs to ms) [71]. 
There are generally two mechanisms regarding the energy transfer between 
molecules (of the same or different type), which are called Förster and Dexter transfer, 
respectively (see Fig. 2.9). Förster transfer is based on resonant dipole-dipole 
interaction and mediated by the electromagnetic field so that it can be considered as 
long range energy transfer (~ 4-10 nm). The transfer rate depends not only on the 
overlap between the absorption of the acceptor (A) and the emission spectrum of the 
donor (D), but also on the local photonic mode density [72]. In this energy transfer, 
normally spin conservations of both donor and acceptor have to be obeyed so that 
theoretically, only energy transfer between singlet states is efficient. Dexter transfer 
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occurs if there is sufficient orbit overlap between molecules so that intermolecular 
electron exchange could take place at a rate proportional to the orbital overlap of the 
donor and acceptor molecules. This means that it is a short distance energy transfer 
(typically ~ 1 nm) via charge carrier exchange. Since only total spin conservation of 
donor and acceptor is needed in Dexter transfer, both triplet to triplet and singlet to 
singlet energy transfer are possible. In principle, Dexter transfer is the only 
mechanism allowing for energy transfer between triplets. Therefore, a much higher 
phosphorescent dye concentration is usually needed in phosphorescent OLEDs to get 
maximum efficiency than in fluorescent OLEDs due to this short range of the Dexter 
process. 
 
a) Förster energy transfer 
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Fig. 2.9. (a) Förster process in singlet-singlet and (b) Dexter process in triplet-triplet energy transfer. 
I. Exciton formation in dye doped emissive layers 
It is generally accepted that high OLED efficiency and device stability can be 
achieved by doping of fluorescent [73, 74] or phosphorescent dyes [30] with high 
photoluminescence quantum efficiencies into wide energy gap host materials where 
balanced charge injection and efficient transport can occur. In this host-guest system, 
besides energy transfer from host to guest excitons via Förster or Dexter process, 
excitons can be formed directly on the guest molecules due to the energy level 
structure of the dopant that might render it an electron or hole trap, which can 
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subsequently capture an opposite charge. In this case, the host mainly acts as charge 
carrier transport layer and dispersive layer to reduce triplet-triplet annihilation and 
triplet-carrier quenching. 
II. Exciton recombination (decay) 
As excited states, excitons are not energetically stable and have to decay 
(recombine) to more stable ground states, losing energy via both radiative and 
non-radiative processes. Since the ground state of almost all organic molecules is 
singlet, radiative decay of singlet (fluorescence) is favorable while triplet decay 
(phosphorescence) is normally not permitted due to spin conservation. However, 
radiative decay of triplets often occurs also weakly due to spin-orbit coupling. As a 
result, singlet excitons have a very short lifetime, typically on the order of 10-9 s while 
triplet excitons have a much longer lifetime (from 10-6 up to 102 s). In addition to 
radiative decay, there are several other non-radiative decay channels, which involve 
interaction of excitons with phonons, other excitons, charge carriers, foreign 
molecules, and structural defects. These non-radiative decays adversely reduce the 
device efficiency.  
2.2.3 Optical processes in OLEDs 
Optical processes in OLEDs can be roughly divided into two steps: Light 
generation in the emission layer and light outcoupling afterwards.  
2.2.3.1 Light generation and reabsorption 
Light generation is achieved by radiative decay of excitons. It is possible that the 
generated light can be reabsorbed by constituent organic layers. However, the 
reabsorption is negligibly small in OLEDs: Emission spectra of almost all organics 
are red-shifted compared to their corresponding absorption spectrum (called Stokes 
shift). The shift leads to little absorption of emitted light by themselves, i.e., organics 
are highly transparent in their own emission bands. In addition, since the other organic 
layers in OLEDs such as charge carrier transport and blocking layers are usually wide 
gap materials, light reabsorption in these layers can also be neglected. 
2.2.3.2 Light outcoupling 
After generation, light needs to be coupled out of the devices via at least one 
transparent or semitransparent electrode. Since the light is outcoupled from a dense 
medium to air, part of the light generated within devices suffers total internal 
reflection and is trapped and finally absorbed in the devices. The latter is the main 
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energy loss channel in OLEDs up to now. 
I. Light outcoupling in conventional bottom-emitting OLEDs 
Conventional bottom-emitting OLEDs, which have light coupling out through the 
bottom substrate, consist of multiple thin organic films (refractive index between 1.6 
and 1.8) sandwiched in between an ITO- (refractive index ~1.8) coated planar glass 
substrate (thickness around 1 mm and refractive index around 1.5) and a highly 
reflective cathode (most often Mg:Al or Al). According to classical ray optics, the 
emitted light suffers total internal reflection at the substrate/air and 
organic-ITO/substrate interfaces due to different refractive index of constituent layers. 
As the result, the emitted light can be roughly classified into three modes as escaped 
(I), substrate (II), and ITO-organic modes (III), as shown in Fig. 2.10.  
 
 
 
 
 
 
 
Fig. 2.10. Schematic diagram showing photons emitted into different modes in a typical 
bottom-emitting OLED. 
Based on the assumptions of homogeneous, isotropic emission and a perfectly 
reflective cathode, the fraction of light outcoupled through the surface can be 
estimated in a first approximation using classical ray optics, following ηout≈1/2n2. 
With the refractive index of organics around 1.7, the calculation indicates that no 
more than 20% of the light generated inside can be extracted from the device surface. 
This is a rather rough estimation since the ray optic model does not include optical 
interference effects between directly emitted and reflected light as well as absorption 
losses in constituent layers. By taking into consideration interference effects as well 
using a simple half-space model, Kim et al. calculated that the surface outcoupling 
efficiency of an OLED is 0.75 n-2 and 1.2 n-2 for isotropic and in-plane emission, 
respectively [75]. Based on a combined classical and quantum mechanical model, Lu 
et al. demonstrated that the external outcoupling efficiency could be as high as 50% 
[6]. However, it should be noted that this outcoupling efficiency includes also the 
light escaped from the edge of the glass substrate, which, for display applications, is 
useless. With a completely different approach by calculating the power losses of an 
emissive dipole in a multilayer structure using a classical technique, Smith et al. 
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demonstrated that the maximum outcoupling efficiency of a conventional 
bottom-emitting OLED is around 20% [77]. 
Different schemes have been used to extract the light trapped within the devices 
and substrates to increase light outcoupling by using, e.g., a microcavity structure [78, 
79], an index matching medium [80, 81], shaped substrates [82, 83], polymer 
microlenses [84], or substrate scattering [85]. 
II. Light outcoupling in top-emitting OLEDs 
In contrast to bottom-emitting OLEDs, light generated within top-emitting OLED 
is outcoupled from the top contact instead of the bottom substrate. Therefore, no loss 
of light into substrate zigzag modes is expected. Because of complicated interference 
processes within the devices, there are only a few publications related to the 
calculation of outcoupling efficiency of top-emitting OLEDs. It was calculated that in 
spite of the absence of substrate modes, the maximum outcoupling efficiency of a 
top-emitting OLED is still around 20% [77, 86], which agrees with experimental 
results reported so far [87].
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2.3 High efficiency top-emitting OLEDs 
2.3.1 Definition of efficiency 
To evaluate the performance of an OLED, three kinds of efficiencies are mainly 
used, which are external quantum, power, and current efficiency. The external 
quantum efficiency is one of the most important indices which can be used to 
investigate the fundamental device physics responsible for light emission. It is also 
generally used to compare light outcoupling efficiency between different OLEDs 
because as a radiometric unit, it does not involve the sensitivity of human eyes. While 
a photometric unit, the power efficiency is the primary concern of OLEDs for display 
and lighting applications because it determines the device power consumption at a 
specified brightness as recognized by human eyes. 
2.3.1.1 External quantum efficiency 
For display and lighting applications, the external quantum efficiency ηext (in %), 
is usually defined as the ratio of the number of photons (np) emitted in the viewing 
direction to the number of electrons (ne) injected which can be expressed as follows 
[88, 89] : 
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where E(λ, θ) is the irradiance of emitted light at viewing angle θ and wavelength λ in 
W/sr. h is Planck’s constant and c is the velocity of light in vacuum. The total number 
of injected electrons is calculated from the OLED current divided by electron charge 
(I/e). 
Two different methods are used to determine the external quantum efficiency of 
OLEDs. The first method directly evaluates the total absolute emission intensity of a 
device with a small emissive surface using calibrated photosensitive detectors. In this 
method, integrating spheres are often used to accurately measure the absolute 
emission intensity. It is thus the most precise measurement method of both quantum 
and power efficiency, although the instruments require absolute calibration. The other 
method evaluates the absolute luminance of a device using a conventional luminance 
meter, and then converts luminance values into photon numbers. Although simple, 
this method is only valid when the device emits perfectly Lambertian and will lead to 
significant errors especially in the case of top-emitting OLEDs, where the devices 
show an angular dependence of emission (with respect to both intensity and spectrum) 
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[88-90]. 
2.3.1.2 Power and current efficiency 
The power efficiency ηP (in lm/W), also called luminous power efficiency, is 
defined as the ratio of total light output (LP) in lumens to electrical input power in 
Watts [88, 91]:  
IV
ddgE
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λθθλθλπ
η
  sin)( ),( 2 .     (2.14) 
As a photometric unit, the photopic response of the eyes has to be taken into account 
in the calculation of power efficiency, which is described by a spectral shape function, 
g (λ). 
The current efficiency ηC (in cd/A) is defined as the ratio of the luminous 
intensity normally in perpendicular direction to the substrate to the current flowing 
through the OLED. It is a frequently used display efficiency unit which is convenient 
for quantifying the properties of an OLED for display applications.  
2.3.2 Basics of a microcavity 
Because of a highly reflective top cathode and a device thickness on the order of 
the emission wavelength, conventional bottom-emitting OLEDs already show a weak 
microcavity effect as a result of wide-angle interference within the devices [92, 93]. 
The microcavity effect is even stronger in top-emitting OLEDs due to both 
wide-angle and multiple-beam interference [94, 21]. Therefore, from the optical point 
of view, a top-emitting OLED can be treated as a planar microcavity. 
A microcavity is an optical resonator with one or more dimensions on the order of 
the optical wavelength. One of the important parameters of a microcavity is its Q 
factor, which stands for quality factor. For a planar Fabry-Perot microcavity, the Q 
factor of the cavity is related to the resonance wavelength (λ) of the cavity, cavity 
optical length (L), and the mode linewidth (Δλ) by [79, 95]: 
[ ] 1ln 2 −−== BT RRLQ λ
π
λΔ
λ ,       (2.15) 
where RT and RB are reflectivity of top and bottom mirrors, respectively. 
For a planar microcavity with organics sandwiched in between two metal mirrors, 
the optical length of the cavity in the direction normal to the cavity, L, is given 
approximately by [95]: 
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i
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where ni and Li are refractive and thickness of constituent organic layers, respectively. 
Lm is the effective penetration depth of metal mirrors, which depends on phase change 
φm of light wave (λ) upon reflection at its interface, following [95, 96]: 
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where norg is the refractive index of the organic layer in contact with the metal mirrors. 
nm and km are the real and imaginary parts of the refractive index of the metals. 
The resonance wavelengths (positions of cavity modes) of a cavity are given by 
the relation mλres=2L, where m is the mode index. From Eq. 2.16, it is obvious that the 
resonance wavelengths of a microcavity can be tuned by altering the thickness of the 
organic layers and, thus, the optical path length. 
It is well known that spontaneous emission is modified in a microcavity, resulting 
in a redistribution of photon density of states. As a consequence, only those 
wavelengths that correspond to allowed cavity modes are emitted in a given direction, 
which leads to spectral narrowing and angular distribution of emission (both color and 
intensity) with full width at half maximum (FWHM) of the spectrum following [97]: 
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2.3.3 Factors determining the external quantum efficiency of an OLED 
Based on the physical processes involved in OLEDs, one can easily conclude that 
the external quantum efficiency of an OLED depends not only on the intrinsic 
properties of the emitter, but also on the electrical and optical structure of the device, 
following: 
)(  intηηηηη ×××= rCBoutext  ,       (2.19) 
where ηout is the outcoupling efficiency, which depends on the optical device 
architecture. ηCB represents the charge (electron-hole) balance within the emission 
layer, which is determined by the electrical properties of the device. Depending on the 
emission properties of the emitter itself, ηr is the efficiency of formation of an 
emissive exciton for an electron-hole pair (~ 0.25 for fluorescent and 1 for 
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phosphorescent emitters) and ηint is the intrinsic quantum yield of the emitter.  
It is clear from Eq. 2.19 that for achieving high efficiency OLEDs, not only high 
quantum yield emitters are needed, but also optimized optical and electrical device 
structures are desired. Last but not least, high power efficiency, which is desirable in 
display and lighting applications, requires that the device has superior electrical 
properties and operates under low driving voltage as indicated from Eq. 2.20: 
eV
h
extp
νηη ×= ,           (2.20) 
where ηext is the external quantum efficiency. νh  is the average energy of emitted 
photons. e is the electron charge and V is the device driving voltage. 
2.3.4 Ways to improve performance of top-emitting OLEDs 
Since light is coupled out through the top contact, one of the key issues for 
top-emitting OLEDs is to make top contacts which have not only good optical, but 
also good electrical properties. Sputtered transparent conducting oxides, usually ITO, 
with an additional buffer layer are widely used as top contact because of their high 
transmittance in the visible range and a low electrical resistivity [7-10]. However, 
being a high energy process, sputtering normally introduces energetic ion damage to 
the underlying organic layers, leading to deterioration of device performance. Many 
efforts have been exerted on sputtering of ITO top cathodes to reduce the damage of 
underlying organics by using different buffer layers [8-13] or optimized sputtering 
processes [14-17]. In both cases, buffer layers have to be used as electron injection 
layer [8-17]: In the first case, the buffer layers act also as electron injection layer 
while in the latter case, an additional buffer layer has to be used to improve electron 
injection from ITO, which has a too high work function and thus leads to a large 
electron injection barrier. More recently, very thin metal films (15-20 nm) have been 
introduced as top contact, which can be easily prepared using thermal evaporation [20, 
21, 98, 99]. These metal top contacts are semi-transparent with a transmittance no 
more than 60%, which is much smaller than that of ITO. In spite of this low 
transmittance of the metal thin film top contact, high efficiency is still achieved in 
top-emitting OLEDs by carefully manipulating the wide-angle and multiple-beam 
interferences within the devices [100-102]. With additional organic or other 
dielectric/semiconductor layers on top of the top contact, the optical properties of the 
top contact can be tuned and the efficiency of top-emitting diodes can be improved 
[20, 21, 100-102]. The mechanism of this effect will be investigated in Chapter 4 in 
detail. 
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In all OLEDs discussed so far, a low work function metal or a thin electron 
injection layer has to be used to improve electron injection from the thin metal 
electrodes [12-14]. To get high efficiency top-emitting OLEDs, highly reflective 
metals such as Ag are always used as bottom anode. However, to have good hole 
injection, the surface Ag anode is always modified [98, 103] or additional high work 
function metals have to be used [18, 21, 104], which unfortunately reduces the 
reflectivity of the bottom anode. All those techniques used to improve the charge 
carrier injection and, thus, the electrical properties of the devices, inevitably 
compromise the optical device structure. In addition, both optical and electrical device 
structures depend on constituent organic layer thickness. This makes optimization of 
both optical and electrical device structures even more difficult. 
In our group, high efficiency bottom-emitting OLEDs have been demonstrated 
with ultra-low operating voltages by using electrical doping of hole and electron 
transport layers [105-107]. In this work, it is demonstrated that this doping technique 
is even more crucial for achieving high efficiency top-emitting OLEDs, with the 
possibility to optimize both optical and electrical device properties simultaneously. 
Therefore, it is necessary to introduce and review the mechanism of doping. As an 
example, p-type doping is discussed in the following Section.  
2.3.5 Doping basics 
Similar to inorganic semiconductors, it has been demonstrated that organic 
semiconductors can also be efficiently doped with molecular donors or acceptors with 
appropriate molecular matrix/dopant systems. Using zinc-phthalocyanine (ZnPc) 
doped with 2,3,5,6-tetrafluoro-7,7,8,8-tetracyano–quino dimethane (F4-TCNQ) as a 
p-type model system, Pfeiffer et al. conducted a basic study of p-type doping and 
found that the conductivity of the doped ZnPc layer increased superlinearly with 
doping concentration, as shown in Fig. 2.11 [32].  
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Fig.2.11. Conductivity of doped ZnPc with F4-TCNQ vs. doping concentration at 40 ºC. The dashed 
line represents a linear dependence (reprinted from [32]). 
They further investigated the doping mechanism by measuring the Seebeck 
(thermopower) effectf, in which the conduction type and the energetic distance 
between the Fermi level (EF) and the transport level (Eh) in the doped organic layers 
can be determined byg [32]: 
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where T is the absolute temperature, p the hole density and kB the Boltzmann constant. 
As shown in Fig. 2.12, with increasing dopant concentration, S decreases and the 
Fermi level approaches the transport level with the increase of hole density. It is 
therefore concluded that upon doping, electron transfer from the matrix (ZnPc) to the 
dopant molecules (F4-TCNQ) leads to an increased number of mobile holes, thus 
increasing the conductivity. 
 
 
                                                 
f In the Seebeck measurement, one measures the thermovoltage V12 between two contacts which have 
temperature difference of ΔT. The Seebeck coefficient is defined as: 
T
ΔTTV
T
TS
ΔΔ
)  ,( 
lim
0
)( 12
→
= . 
g One assumes hopping transport of charge carriers take places homogeneously at nearly one transport 
level. 
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Fig. 2.12. (a) Seebeck coefficient (left axis) and energetic difference between the Fermi level EF and 
the hole transport state Eh (right axis) vs. doping ratio measured at 40 ºC, and (b) calculated hole 
density per total density of states Nh at the transport state Eh vs. doping density. The line for 100 % 
doping efficiency (Cdop =p/Nh) is also shown (reprinted from [32]). 
Another advantage of doping is that doping leads to very thin (<5 nm) space 
charge layers as a result of energy level bending at contacts associated with efficient 
charge carrier injection, as shown in an organic/metal interface study (see Fig. 2.13) 
[105]. 
Fig. 2.13. Energy diagram as derived from UPS/XPS spectroscopy for the organic semiconductor 
ZnPc on ITO. Left side: undoped ZnPc on ITO; right side: ZnPc doped with F4-TCNQ (reprinted 
from [105]). 
Recently, electrically doped charge carrier transport layers (both p-doped hole 
transport layer and n-doped electron transport layer) have been successfully 
incorporated in OLEDs in our group, which results in high performance devices in 
terms of driving voltages and efficiency [106-110].
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Chapter 3 
Materials and experiments 
In this Chapter, the main organic materials used in this study will be introduced, 
which includes their molecular structures and relevant physical properties. Then, 
device preparation and characterizations will be presented, which is followed by the 
description of all main experimental methods used in this study. 
3.1 Materials and their properties 
3.1.1 Hole conduction materials for hole transport and electron blocking 
A typical hole conduction material usually has a hole mobility several orders of 
magnitude higher than its electron mobility so that its electron transport ability can be 
neglected. Hole conduction materials were used in this study as matrix of the hole 
transport layer, as electron blocker, and as matrix for the emission layer. Most of the 
hole conduction materials normally used in OLEDs are based on the basic structure of 
tri-phenylamines [111, 112]. 
1． N,N,N',N'-tetrakis(4-methoxyphenyl)-benzidine (MeO-TPD) 
MeO-TPD (see Fig. 3.1) was used in this study as a matrix for the hole transport 
layers with a HOMO around -5.1 eV. Upon p-type doping by F4-TCNQ (2 mol% 
doping concentration), its conductivity can reach 5×10-6 S/cm, which is a big 
advantage for device operating voltage. The major disadvantage of MeO-TPD is its 
low glass transition temperature Tg, which is only around 55 °C. This will lead to 
stability problems at elevated temperatures. In addition to MeO-TPD, another hole 
conduction matrix called NHT5 (from Novaled AG) has also been used, which is 
comparable to MeO-TPD regarding electrical properties, but more stable due to its 
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high Tg (145 °C)h. 
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Fig. 3.1. (a) Molecular structure of MeO-TPD and (b) its absorption and photoluminescence spectra. 
2． 2,2',7,7'-tetrakis-(N,N-diphenylamino)-9,9´-spirobifluorene (Spiro-TAD) 
As a wide gap hole conduction material with a high lying LUMO around -2.2 eV, 
Spiro-TAD can work effectively as an electron blocker in OLEDs. Further, it has a 
suitable HOMO around -5.4 eV, which is well in between the HOMOs of hole 
transport layer and emission layer. Further advantages of Spiro-TAD are its high glass 
transition temperature and high thermal stability, both of which are due to its 
spiro-bridged core structure. Fig. 3.2 shows molecular structure, absorption and 
photoluminescence spectra of Spiro-TAD. 
Fig.3.2. (a) Molecular structure of Spiro-TAD and (b) its absorption and photoluminescence 
spectra. 
                                                 
h NHT5 is a proprietary material of Novaled. Therefore, its molecular structure may not be disclosed. 
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3． N, N'-di(naphthalen-2-yl)-N, N'-diphenyl-benzidine (α-NPD) 
NPD is one of the most widely used hole transport materials in OLEDs so far 
with its HOMO between -5.5 eV and -5.7 eV. Although the glass transition 
temperature of NPD is not very high (Tg around 96 °C), it has quite good stability 
against radical anions. With a low LUMO around -2.6 eV, NPD can also be used as an 
electron blocking layer. In this study, it was used mainly as electron blocking layer 
and as a matrix for the red phosphorescent dye in red OLEDs. Its molecular structure, 
absorption and photoluminescence spectra are shown in Fig 3.3. 
 
 
 
Fig. 3.3. (a) Molecular structure of α-NPD and (b) its absorption and photoluminescence spectra. 
3.1.2 Electron conduction materials for electron transport and hole blocking 
In contrast to hole conduction materials, an electron transport material has much 
smaller hole mobility compared to its electron mobility. They were used in this study 
as matrix of the electron transport layer and as the hole blocking layer. 
1. 4,7-diphenyl-1,10-phenanthroline (Bphen) 
As a wide gap material (LUMO ~ -3.0 eV, HOMO ~ -6.4 eV [113]) with a high 
electron mobility which is around 10-4 cm2/Vs [114], Bphen is suitable both as 
electron transporter and hole blocker. In this study, Bphen was mainly used as a 
matrix for the electron transport layer, which can be effectively n-doped by cesium 
(Cs) with the conductivity of doped layer reaching 10-5 S/cm. However, because of its 
low glass transition temperature of 62 °C [115], Bphen is morphologically unstable 
and tends to crystallize. This may lead to relatively short lifetime especially when 
Bphen is used as hole blocking layer [115]. The molecular structure of Bphen and its 
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absorption and photoluminescence spectra are shown in Fig. 3.4.   
Fig. 3.4. (a) Molecular structure of Bphen and b) its absorption and photoluminescence spectra. 
2. Bis(2-methyl-8-quinolinolato)-(para-phenylphenolato)-aluminium(III) (BAlq) 
As another wide gap electron conduction material, BAlq was also used 
(molecular structure shown in Fig. 3.5). Its LUMO and HOMO are at around -3.3 eV 
and -6.5 eV, respectively. Although it has a much lower electron mobility than Bphen, 
due to its higher glass transition temperature, which is around 92 °C [115], it is still 
relevant. Therefore, BAlq has been used as hole blocker in OLEDs to achieve better 
device lifetime [116].  
 
 
 
 
Fig. 3.5. (a) Molecular structure of BAlq and (b) its absorption and photoluminescence spectra. 
3.1.3 Host materials for emissive dopants 
As discussed in Chapter 2, one of the key developments in OLED technology was 
the invention of the guest-host emitter system which combines good transport 
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properties of host materials and high photoluminescence efficiency of guest dyes with 
desired colors [73]. Another advantage of this guest-host system is the enhancement 
of the device stability by the transport of electro-generated excitons or direct exciton 
formation on highly emissive and stable dopant sites [74]. The primary criterion of a 
host material is the energetic location of its singlet (for fluorescent dopants) or triplet 
state (for phosphorescent dopants), which have to be larger than those of the 
corresponding dopants to have an efficient energy transfer of excited states or direct 
charge carrier trapping. 
1. 4,4',4''-tris(N-carbazolyl)-triphenylamine (TCTA) 
TCTA (see Fig. 3.6) is an ambipolar transporter with preferred hole transport 
ability. Because of its large triplet state energy gap, it has been used as host material 
for green and blue phosphorescent dyes in this study [117]. Its LUMO and HOMO are 
at -2.7 eV and -5.9 eV, respectively [118]. 
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Fig. 3.6. (a) Molecular structure of TCTA and (b) its absorption and photoluminescence spectra. 
2. 2,2',2''-(1,3,5-benzenetriyl)tris[1-phenyl-1H-benzimidazole] (TPBI) 
Although TPBI (see Fig. 3.7) is sometimes regarded as also an ambipolar 
transporter [119], its electron transport capability is dominant [120]. In this study, 
TPBI was mainly used as matrix for the green phosphorescent dopant with its LUMO 
and HOMO at -2.7 eV and -6.2 eV, respectively [121]. Because of its high HOMO, 
TPBI can also be used as hole blocking material [120].  
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Fig. 3.7. (a) Molecular structure of TPBI and (b) its absorption and photoluminescence spectra. 
3.1.4 Emitters and emissive dopants 
1. 2,2',7,7'-tetrakis(2,2-diphenylvinyl)spiro-9,9'-bifluorene (Spiro-DPVBi) 
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Fig.3.8. (a) Molecular structure of Spiro-DPVBi and (b) its absorption and photoluminescence 
spectra. 
Spiro-DPVBi is a well known fluorescent material from the study of organic 
lasers with an emission in the light blue range (see Fig. 3.8). Being a spiro compound, 
it has a high glass transition temperature of 130 °C with LUMO and HOMO at -2.8 
eV and -5.6 eV, respectively [122]. Although Ruhstaller et al. reported that 
Spiro-DPVBi has comparable hole and electron mobility around 2×10-8 cm2/Vs [123], 
our experiments indicated that it is rather an electron transporter. 
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2. 9,10-Bis(9,9'-spirobi[9H-fluorene]-2-yl)anthracene (Spiro-Anthracene) 
Spiro-Anthracene is another fluorescent emitter with relatively high efficiency 
and deep blue emission as shown in Fig. 3.9 [110]. In spite of above advantages, 
OLEDs using Spiro-Anthracene as emitter show a short lifetime, which limits its 
practical application.  
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Fig. 3.9. (a) Molecular structure of Spiro-Anthracene and (b) its photoluminescence spectrum. 
3. Phosphorescent dopants 
All three phosphorescent dyes used in this study are iridium based metal 
complexes, which are tris(1-phenylisoquinoline)iridium [Ir(piq)3] [124], 
tris(2-phenylpyridine) iridium [Ir(ppy)3] [125], and iridium(III) 
bis[(4,6-difluorophenyl)-pyridinato-N,C2]picolinate (FIrpic) [126] for red, green and 
blue emission, respectively (molecular structures in Fig. 3.10). In red phosphorescent 
devices, Ir(piq)3 doped NPD with a doping concentration of 20 wt% was used as 
emission layer. In green phosphorescent devices, double emission layers were used, 
which consist of both Ir(ppy)3 doped TCTA and TPBI with the same doping 
concentration of 8 wt%. For blue phosphorescent devices, TCTA doped with FIrpic 
was used as emission layer with a doping concentration of 12 wt%. The 
photoluminescence spectra of all three triplet emitters in their corresponding matrices 
are also shown in Fig. 3.10.  
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Fig. 3.10. (left) Molecular structures and (right) Absorption and photoluminescence spectra of (a) 
Ir(piq)3 (20 wt%), (b) Ir(ppy)3 (8 wt%) and (c) FIrpic (12 wt%) in corresponding matrices.  
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3.1.5 Electrical dopants 
Because of the big advantages of electrical doping of charge carrier transport 
layers [107-112], p-doped MeO-TPD and n-doped Bphen have been used in this study 
as hole and electron transport layers, respectively.  
1. p-dopant: 2,3,5,6-tetrafluoro-7,7,8,8-tetracyano–quinodimethane (F4-TCNQ) 
With a deep LUMO around -5.2 eV [32], which is in resonance with the HOMO 
of MeO-TPD, CuPc and some other hole transport materials, F4-TCNQ (see Fig. 3.11) 
works effectively as an acceptor in the matrix of MeO-TPD and several other hole 
transport materials. The sublimation temperature of F4-TCNQ, however, is quite low 
(between 90-100 °C), which limits its applicability for devices at high temperature. 
Therefore, another more stable p-type dopant with an evaporation temperature of 
more than 120 °C, called NDP2 (from Novaled AG) [127], has been used in this study 
as well. The doping process (p-type) is schematically illustrated in Fig. 3.12, where 
the matrix (MeO-TPD, NHT5 etc.) acts as the electron donor and the dopant 
(F4-TCNQ for MeO-TPD or NDP2 for NHT5) as the electron acceptor. 
 
F F
F F
N
N
N
N  
 
 
 
 
 
 
 
 
  
Fig. 3.12. Schematic illustration of p-type doping where electron transfer from matrix to dopant is 
shown. 
Fig. 3.11. Molecular structure of F4-TCNQ. 
HOMO of matrix 
LUMO of matrix 
HOMO of dopant
Matrix: Donor            Dopant: 
LUMO of dopant 
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2. n-dopant: Cesium (Cs) 
Although there are already some molecular n-dopants available for organic solar 
cells [125], n-type doping of electron transport layers in OLEDs is still carried out 
mainly using alkali metals like Li or Cs [107, 110]. With their LUMO around -3 eV, 
these electron transport materials are weak electron acceptors. This imposes rigorous 
requirements on the position of the HOMO of the donors (has to be also around -3 
eV), which is difficult to meet [128]. More recently, Novaled AG developed a new 
type of molecular n-dopant, called NDN-1, which can be used as an effective donor in 
an electron transport matrix called NET5 [127]. However, both are proprietary 
materials of Novaled. 
In this study, Cs was used as n-dopant and Bphen as host for the electron 
transport layer by co-evaporation of them.   
3.1.6 Purification of organic materials 
The purity of organic materials is of great importance for the device performance 
and lifetime [129]. Therefore, all organic materials used in this study have been 
purified by gradient sublimation in high vacuum at least twice before they were used. 
3.2 OLED preparation and measurements 
Most of the OLEDs in this study were prepared in a multiple-chamber ultra-high 
vacuum system with a base pressure around 10-8 mbar. This cluster tool allows 
making transport, emission and metallization layers in different chambers without 
breaking the vacuum. Because each of the four organic material evaporation chambers 
of this tool can hold at least 4 sources, it is possible to make organic optoelectronic 
devices with very complex structures. The rest of the samples were fabricated in a 
custom-made vacuum system from K.J. Lesker with a base pressure around 10-8 mbar. 
The main advantage of this equipment is that 16 independent groups of samples can 
be made at the same time, which are arranged in a matrix of 4×4 with 4 devices in 
each group. In both tools, calibrated crystal quartz monitors were used to precisely 
control the deposition rate and the thickness of every layer. The deposition rate for the 
electrodes, HTL, ETL and outcoupling layer was 1 Å/s. For all the other layers, a 
lower evaporation rate of 0.3 Å/s was used. 
All metal pre-coated glass substrates in this study were provided by the Lehrstuhl 
für Bildschirmtechnik of University of Stuttgart (LfB). All ITO pre-coated glass 
substrates were from Thin Film Devices Inc. having a sheet resistance of ~ 30 Ω/sq. 
Substrates were cleaned using a multi-step solvent process with the following
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procedure: In an ultrasonic bath, the substrates were cleaned first in acetone and then 
in ethanol for 20 and 8 minutes, respectively. After rinsing in de-ionized water for 5 
minutes, the substrates were dried with nitrogen gas and loaded into the deposition 
system.  
Samples were usually measured in vacuum with a Keithley 2400 source measure 
unit for electrical data and a calibrated Si photodiode mounted above the OLED for 
collecting the emitted light in forward direction. The electroluminescence spectra 
were obtained using a Sentronic PL-USB2000 spectrometer. For lifetime and other 
measurements in air, the samples were encapsulated in a glove box attached to the 
vacuum system by covering the active device area with cavity glasses and glueing the 
edges with a two-component epoxy glue. The power and external quantum 
efficiencies of the devices were measured in a calibrated integrating sphere at Novaled 
AG. The angular dependence measurements were performed using an Autronic 
Melchers goniometer DMS-401 at Fraunhofer IPMS.  
3.3 Experimental methods 
3.3.1 Impedance spectroscopy 
Impedance spectroscopy is a powerful method for investigating many of the 
electrical properties of dielectric materials (either liquid or solid), interfaces between 
them or their interfaces with electrodes by assessing the frequency response of them 
[130]. In this method, normally impedance is measured directly in the frequency 
domain by applying a modulation signal (single-frequency voltage) to the interface 
and measuring the phase shift and amplitude, or real and imaginary parts of the 
resulting current at that frequency. In this spectroscopy, if the capacitance is measured 
as the function of frequency under a specific bias voltage, the measurement is called 
capacitance-frequency (C-f) spectroscopy, whereas it is called capacitance-voltage 
(C-V) measurement when capacitance is measured as the function of bias voltage at a 
specific frequency.  
In this study, the impedance of the devices was measured directly using a 
Hewlett-Packard 4284A LCR meter with the amplitude of the modulation signal (Vdc) 
being 20 mV. The C-f spectra were carried out at frequencies ranging from 20 Hz to 1 
MHz. Using the simplest equivalent circuit model of only one RC unit, the total 
capacitance (Cp) and resistance (Rp) of an organic device can be calculated by: 
)( 22 RX
XC p
+
=
ω
,          (3.1) 
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XRRp
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= ,          (3.2) 
where R and X are the resistive and capacitance components of the device impedance 
(Z=R(ω)-jX(ω)) at the frequency ω.  
Normally, a C-f spectrum is analyzed using equivalent circuit models. Having 
structures of several organic layers sandwiched in between two electrodes, organic 
diodes can be treated as planar capacitors and their impedance spectra can be 
understood based on equivalent circuit models with RC units (each unit consisting of 
a resistor in parallel with a capacitor) representing bulk or heterojunction regions. In 
the model, resistances represent conductive paths, and thus a given resistor in the 
circuit might account for the bulk conductivity of the material or conductivity of the 
characteristic region (depletion, barrier, contact regions etc). Similarly, capacitances 
will be generally associated with space charge polarization regions. It is known that 
the dielectric relaxation time of a material is roughly proportional to its resistance, i.e. 
the lower the conductivity, the longer the dielectric relaxation. Therefore, from the C-f 
spectra it is possible to distinguish the capacitance contribution from layers or regions 
with very different conductivity. Taking a hole only device as an example, which has 
the structure of ITO/ p-NHT5 (15 nm)/ NHT5 (100 nm)/ p-NHT5 (15 nm)/ Ag (30 
nm), the C-f spectrum of the device is shown in Fig. 3.13a. In the moderate frequency 
range between 800 and 10000 Hz, the capacitance of the device drops drastically, 
which is mainly attributed to the relaxation of the bulk layer (intrinsic layer including 
depletion layer). This is because the relaxation of the doped layer can only take place 
at high frequencies beyond 105 Hz due to its high conductivity (around 10-5 S/cm). 
Consequently, capacitances at low frequencies (< 700 Hz) can only be assigned to a 
barrier layer at the p-NHT5/Au top interface since it is known that the bottom contact 
is ohmic. Based on above analysis, an equivalent circuit model (see Fig. 3.12b) can be 
built to simulate the device structure. The model consists of three single RC 
components, which are: Ci-Ri for the intrinsic NHT5 layer (including a possible 
depletion layer), Cd-Rd for the p-doped NHT5 layer (30 nm), and CB-RB for the barrier 
at the top interfaces. Additional, a series resistor is included to represent the contact 
(electrodes and lead wire) resistance [131, 132]. To fit the C-f curve well, distributed 
impedance elements, for example constant phase elements (CPEs), are always used to 
replace the ideal circuit elements (capacitors, resistors etc.) in the circuit model due to 
a distribution of energy states or a spatially distributed conductivity of organic 
materials [130].
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Fig. 3.13. (a) C-f spectrum of a hole only device and (b) the equivalent circuit model of the device 
with the following structure: ITO/ p-NHT5 (15 nm, 1.5 mol%)/ NHT5 (100 nm)/ p-NHT5 (15 nm, 
1.5 mol%)/ Ag (30 nm). 
For an organic electronic device, it is known that injection limitation is normally 
relevant in the low voltage range, while space charge limitation (SCLC) becomes 
more relevant at high bias as a result of barrier lowering by the external electric field 
so that at least one contact is able to provide more carriers than the material can 
transport away. These space charges do not only determine the I-V characteristics, but 
also lead to a characteristic frequency and bias-dependent electrical response [133]. 
Therefore, it is possible to use C-f and C-V spectra of devices to compare the 
injection capability of relevant contacts since the Vdc probes the existing space charge 
in the device and injects new charges. In this study, C-V and C-f spectra were used to 
analyze charge carrier injection in single carrier devices.  
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Fig. 3.14. (a) C-f spectra of two hole only devices at different voltages (bottom biased) and (b) C-V 
(top) and C-R spectra (bottom) of the devices. The devices have the following structures: ITO/ 
p-NHT5 (15 nm, 1.5 mol%)/ NHT5 (100 nm)/ Au or Ag (30 nm). 
Two hole only devices are used here as examples, which have the device structure 
of ITO/ p-NHT5 (15 nm, 1.5 mol%)/ NHT5 (100 nm)/ Au or Ag (30 nm), respectively. 
Fig 3.14a compares C-f spectra of the devices at different bottom positively biased 
voltages (bottom injection). With zero bias, the devices have similar C-f spectra. At 
the bias above 2 V, the Au device starts to show strong capacitance increase towards 
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lower frequency below a threshold frequency (fth), indicating existence of space 
charges (SCLC) in the device. However, only at the bias of 3.5 V, does the C-f 
spectrum of the Ag device show this behavior. This means that although the bottom 
hole injection in both the devices is from ITO into p-NHT5, the effective injection 
barriers in both the devices are apparently different: The OLED using an Au top 
contact has a smaller effective bottom injection barrier for holes than the device based 
on Ag. The strong capacitance increase towards lower frequency is believed to be due 
to the disordered nature of the NHT5 layer, which leads to dispersive transport in the 
layer. The increase of the fth towards higher bias voltage is mainly due to the decrease 
in average transit time of charge carriers with increase of the bias voltage. The 
difference in the effective bottom injection barriers of the two devices is further 
confirmed by their C-V spectra in Fig. 3.14 b.  
3.3.2 Photoelectron spectroscopy (UPS/XPS) 
Photoelectron spectroscopy involves irradiating a sample with photons of a 
characteristic energy and measuring the flux of electrons that leaves the surface. By 
utilizing photo-ionization and energy-dispersive analysis of the emitted 
photoelectrons, the composition and electronic states of the surface region of a sample 
can be studied. According to the type of the exciting radiation, photoelectron 
spectroscopy is subdivided into ultraviolet photoelectron spectroscopy (UPS) with the 
exciting light source in the ultraviolet range, and X-ray photoelectron spectroscopy 
using X-rays as radiation source. Since the energy of the ultraviolet light source in 
UPS is normally between 10 and 40 eV, it is suitable to determine the positions and 
shape of the HOMO of a molecule or molecular solids by analyzing escaped valence 
electrons bound in the outermost levels (the valence levels). In contrast, XPS is very 
sensitive to changes of the chemical bonds of molecular atoms due to the so-called 
chemical shift of the core level orbitals by studying core electrons escaped from the 
inner shells of atoms. 
Photoelectron spectroscopy is based on Einstein's photoelectric effect: A photon 
can ionize an electron from a molecule if the photon has an energy greater than the 
binding energy of the electron in the molecule. Any photon energy in excess of that 
needed for ionization is carried by the outgoing electron in the form of kinetic energy. 
In general, the kinetic energy Ekin of a photoelectron is given by: 
)( BAkin EEhE −−= ν ,        (3.3) 
where hν is the energy of the exciting radiation, and EA and EB denote the energies of 
the system after and before the ionization. 
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From the UPS spectra of an organic material, the ionization potential (IP) of this 
material can be easily calculated from the width of the spectrum by: 
)( minmax kinkin EEhIP −−= ν ,        (3.4) 
where maxkinE  and minkinE  is determined by the HOMO cutoff energy and high binding 
energy cutoff (HBEC), respectively. When interface properties of metal/organic or 
organic/organic interfaces are investigated, possible interface dipoles and level 
binding at the interfaces can be determined by the shift of HBEC energy during the 
growth of the organic overlayers. 
Because of the high energy of the exciting radiation in XPS measurements, the 
positions of core level peaks of the elements contained in the molecules can be 
investigated. If the above discussed level binding occurs, the position of these peaks 
should shift correspondingly. In addition, it is also possible to retrieve information 
regarding possible chemical reactions or metal diffusion at interfaces. 
Being a well known tool for interface investigations, the reader is referred to 
Reference 134 and 135 for detailed information about the spectrum evaluation. 
3.3.3 Efficiency measurements in integrating sphere 
An integrating sphere is an optical device for various purposes such as measuring 
the optical flux from an optoelectronic device or measuring scattering losses from a 
surface. As shown schematically in Fig. 3.15, it consists of a hollow sphere having a 
diffusely and homogenously reflecting internal surface with at least two openings 
(ports) for a light source and a photodetector system. In between the light source and 
the detector, a baffle is used to prevent direct illumination of the detector by the light 
source. As a relative measuring method, a calibration of the sphere with a standard 
lamp is required before measurements of test samples, which unfortunately introduces 
measurement errors caused by different self-absorption of the test and standard 
devices. An auxiliary lamp can be mounted permanently inside the sphere to 
compensate for this substitution error.  
 The basic principle of operation is the following: The emitted light undergoes 
multiple diffuse reflections before it reaches the detector, as shown schematically by 
the red arrow in Fig. 3.15. As a consequence, the light flux becomes very uniform at 
the detector, and nearly independent of the spatial and polarization properties of the 
emitted light. The detected intensity depends basically only on the total radiant power 
from the light source measured, given by: 
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where Φ0 is the total light flux of the device, R the radius of the integrating sphere, 
and ρ the reflectivity of the inner surface. However, the detected intensity is only a 
relative value. To determine the absolute output of luminous flux (Lp) of a device, the 
photodetector signal has to be calibrated first by a standard lamp of known luminous 
flux. The power efficiency of the device can then be calculated by Eq. 2.14 (light 
output divided by input power) and the quantum efficiency can be determined by: 
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where L(λ) is the spectral luminous flux. V(λ) is the spectral luminous efficiency 
function, h is Planck’s constant and c is the velocity of light in vacuum. 
 
 
 
 
 
 
 
 
Fig. 3.15. Schematic illustration of an integrating sphere.
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Chapter 4 
Top-emitting OLEDs with non-inverted structure 
In this Chapter, conventional top-emitting OLEDs, having the bottom electrode as 
anode and top electrode as cathode, will be discussed. Electrical properties of devices 
with different anode, cathode, and transport layer thickness will be compared first: It 
will be demonstrated that with electrically doped charge carrier transport layers, the 
electrical device structure is almost independent on the electrical properties of 
electrodes. This eases the device optimization by just considering their impact on the 
optical device structure. Then, it will be shown from simulations and experiments that 
the position of the emission zone and the reflectivity of the bottom anode are crucial 
for light outcoupling of a top-emitting device. Based on these investigations, high 
efficiency top-emitting devices will be demonstrated, which use Ag as both bottom 
anode and top cathode. After the device optimization, the outcoupling enhancement of 
top-emitting devices will be shown in detail. Finally, the influence of the optical 
device structure on the spontaneous emission of several triplet emitters will be 
investigated together with its influence on device efficiency. 
4.1 Introduction 
Because of the advantages of top-emitting OLEDs compared to bottom-emitting 
devices for applications in high resolution active matrix displays (as discussed in 
Chapter 1), OLEDs with a top-emitting architecture are receiving increasing interest. 
Since an OLED normally consists of several interfaces including organic/organic, 
metal/organic and organic/metal interfaces, the simplest way to design a top-emitting 
OLED is to just replicate the basic device structure of a conventional bottom-emitting 
device in such a way that the sequence of organic layers is unchanged while the ITO 
bottom anode and the metallic reflective top cathode of a conventional 
bottom-emitting device are replaced by a highly reflective bottom anode and 
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(semi)transparent top cathode so that light generated is coupled out from the top 
cathode, as shown in Fig. 4.1. Therefore, the bottom and top electrodes in such a 
top-emitting device, which is also called non-inverted device, are still acting as anode 
and cathode, respectively. In such devices, only the interfaces between HTL/anode 
and cathode/ETL are changed, whereas the layer sequence is basically untouched (see 
Fig. 4.1). This makes the device optimization comparatively easy, since the 
experience from bottom-emitting OLEDs can be used 
 
 
 
 
 
 
 
Fig. 4.1. Schematic illustration of a bottom-emitting (left) and non-inverted top-emitting OLED 
(right)i. 
4.2 Optimization of the device structure 
As discussed in Chapter 2, the device performance of a top-emitting OLED is 
determined by both the electrical and optical device structure. To have high efficiency 
top-emitting devices, it is required to optimize both the electrical and optical 
properties of devices simultaneously. It will be demonstrated here that with 
electrically doped charge carrier transport layers, the electrical and optical device 
structure of top-emitting OLEDs can be optimized at the same time. 
4.2.1 Influence of electrode materials on the electrical device properties 
First, the influence of the contact materials on the electrical device properties was 
investigated without considering their impact on the optical device structure. Blue 
top-emitting OLEDs with Spiro-Anthracene as emitter were used as model system 
(device structure in Fig. 4.2). NHT5 doped with NDP2 (4 mol%) was used as p-type 
hole transport layer and co-evaporated Bphen and pure Cs was used as n-type electron 
                                                 
i One should note that for a top-emission device, opaque substrates are often used instead of glass. 
Bottom-emitting OLED Non-inverted top-emitting OLED
HTL and EBL 
ETL and HBL 
EML 
Glass substrate
Cathode 
Anode 
Reflective (Semi) transparent
Reflective(Semi) transparent
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transport layer. Both transport layers showed a high conductivity around 10-5 S/cm.  
 
 
 
 
 
 
 
 
4.2.1.1 Different anodes 
A series of devices having the same top cathode but different bottom anodes was 
investigated first. In all cases, a cathode consisting of 1 nm Al coated by 14 nm Au 
(represented by Al1Au14) was used to obtain a high transmittance in the full visible 
range, yet retaining high conductivity and good electron injection. The work functions 
of the anode materials are summarized in Table 1. In addition, devices with precoated 
and as-deposited Cr and ITO bottom anodes were compared as well. The surfaces of 
the precoated anodes were cleaned in oxygen plasma before they were put into use. It 
is thus expected that the precoated anodes have different surface properties from the 
as-deposited anodes because of the surface treatment, which may lead to different 
hole injection ability [136].  
 
Elements Work function (eV) 
Ag ~ 4.3 
Cr ~ 4.5 
ITO 4.2-4.5 
ITO (with O2 plasma) ~ 4.75 
Au ~ 5.1 
Table 1. Work functions of the anode materials used [51, 136]. 
Current density-voltage (J-V) characteristics of these devices are compared in Fig. 
4.3. All samples show nearly the same onset voltage around 2.5 eV, indicating a 
similar charge carrier injection barrier in all devices although they have different 
anodes with significantly different work function. After the onset, the J-V curves of 
the devices are slightly different. This, however, does not correlate with the work 
functions of the anodes since the device using Cr (as deposited) as anode has better 
electrical properties than the device based on Au. In addition, the high leakage 
currents in the samples with home-made (as-deposited) anode are mainly attributed to 
ETL 
HBL 
EML 
EBL 
HTL 
Fig. 4.2. The basic device structure of blue 
top-emitting OLEDs used to study the 
influence of electrode materials. 
NHT5:NDP2    4 mol%, 100 nm
Spiro-TAD   10 nm
Spiro-Anthracene  20 nm
Bphen    10 nm
Bphen:Cs   50 nm
Glass substrate
Anode    30 nm
Cathode  
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the large roughness of these bottom anodes.  
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4.2.1.2 Different cathodes 
Next, the influence of the cathode materials on the electrical device properties 
was investigated. For this, different cathode structures were tested: Al 1 nm/Au 14 nm 
(Al1Au14), Ag 15 nm (Ag15), and ITO 5 nm/Ag 15 nm/ITO (35 nm) 
(ITO5Ag15ITO35). In all cases, precoated Cr was used as anode. As demonstrated in 
Fig. 4.4, where the J-V characteristics of these three devices are compared, the work 
function of the cathode has almost no influence on the electrical device properties, 
which is similar to the anode variation case. 
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In both cases shown above, the J-V curves of all devices show a steep increase 
after the onset, indicating efficient carrier injection from both electrodes. Moreover, 
although all the devices discussed above have slightly different J-V curves, the 
Fig. 4.3. J-V characteristics of top-emitting 
OLEDs with different anodes. 
Fig. 4.4. J-V characteristics of top-emitting 
OLEDs with different cathodes. 
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difference does not correlate with the work functions of the anodes. This confirms that 
the work function of the electrodes is not crucial in OLEDs with doped transport 
layers, which is consistent with the tunneling mechanism of charge carriers from the 
electrodes into the electrically doped charge carrier transport layers (as discussed in 
Chapter 2) [32, 107]. 
4.2.2 Influence of organic layer thickness on the electrical device properties 
Top-emitting OLEDs with identical device structure, but different hole transport 
layer thickness were compared to study the influence of organic layer thickness on the 
electrical device performance. All devices had the following basic structure: 
 
 
 
 
 
 
 
 
 
 
All anodes were fabricated in the metal chamber and the thickness of the p-HTL 
(NHT5:NDP2) was varied as follows: 35, 45, 60, 75, and 100 nm. In addition, a 
reference sample with the same device structure but using precoated Cr as anode was 
fabricated as well. The sample has a HTL thickness of 35 nm. 
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Fig. 4.6. J-V characteristics of top-emitting 
OLEDs with different HTL thickness. A 
reference sample using a precoated Cr anode 
with 35 nm HTL is shown for comparison. 
ETL 
HBL 
EML 
EBL 
HTL 
Anode 
Cathode 
Fig. 4.5. The basic device structure of blue 
top-emitting OLEDs with varied HTL 
thickness. NHT5:NDP2   varied
Spiro-TAD   10 nm
Spiro-Anthracene  20 nm
Bphen    10 nm
Bphen:Cs   50 nm
Glass substrate 
Al/Au     30/4 nm
Al/Au  1/14 nm 
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The J-V curves of these devices are compared in Fig. 4.6. It is clearly shown that 
in forward bias, they have nearly the same J-V characteristics after the current onset, 
although all devices have very different HTL thickness. Before onset, the J-V curves 
are quite different, which is due to the different leakage currents (shunt currents) of 
the devices. It is known that the leakage current of an OLED is directly related to the 
peak-to-valley roughness of its bottom contact [137]. The surface roughness of a 
sample having identical structure as the anode was thus measured using atomic force 
microscopy (AFM). A couple of spikes that have a height larger than 60 nm were 
observed. It is these high spikes that lead to the high shunt currents especially when 
the HTL is thinner than 60 nm. With thicker HTL, the spikes may be covered 
completely by the HTL and the influence of these spikes on the leakage currents can 
be reduced. Therefore, one can expect that the devices show similar low leakage 
currents when the bottom anode is smooth enough. This is confirmed by J-V 
characteristics of a reference sample based on a precoated Cr anode, which has a 
relatively smooth surface with a spike height around 24 nm (determined by AFM 
measurements): This reference sample shows much lower leakage currents than all 
other devices based on the as-deposited anodes, although its HTL is as thin as 35 nm. 
Therefore, the difference in J-V curves before onset is mainly due to the high 
roughness of the as-deposited anode. All this indicates that because of the doped 
charge carrier transport layers having high conductivity around 10-5 S/cm, the 
thickness of the carrier transport layers has little influence on the electrical device 
properties. 
It is obvious from these results that when using doped charge carrier transport 
layers, the electrical properties of the electrodes and the transport layer thickness have 
little influence on the electrical device properties. This may ease the optimization of 
top-emitting OLEDs by selecting electrode materials mainly according to their optical 
properties and optimizing the transport layer thickness only from the optical point of 
view. 
4.2.3 Influence of the reflectivity of the bottom contact on the device efficiency 
All top-emitting OLEDs comprising two metal electrodes (the bottom electrode is 
reflective while the top cathode is semitransparent) show strong microcavity effects. 
The emission of the devices can thus be modeled as the emission of dipoles in a 
Fabry-Perot cavity and may be quantified by calculations using multiple-beam 
summation from an internal source. As a result, the electroluminescence intensity 
emitted in perpendicular direction of a top-emitting OLED can be described roughly 
by [94]:  
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where TT is the transmittance of top electrode; RB, RT are the reflectance of bottom 
and top contact, respectively; n is the refractive index of the organics sandwiched in 
between; d is the distance of the emission dipole from the reflective bottom anode and 
L is the total thickness of the organics; φB and φT are phase changes at the bottom and 
top electrode, respectively. It is clearly seen from Eq. 4.1 that the reflectivity of the 
bottom electrode plays a crucial role on the device efficiency, which is confirmed by 
the experimental results shown in Fig. 4.7b. 
In Fig. 4.7, the electrical characteristics and the current efficiencies of a set of 
green top-emitting devices with the same organic stack and top electrode, but 
employing anodes with different reflectance are compared. In the plot, the device 
based on a Cr substrate is used as the benchmark with its current efficiency (at a 
current density of 10 mA/cm2) and anode reflectivity being normalized to 1. As 
predicted by Eq. 4.1, the efficiency of the devices increases more rapidly than the 
reflectivity of the bottom anodes.  
   
 
Fig. 4.7. (a) J-V characteristics and (b) relative current efficiencies of top-emitting OLEDs with 
different anodes to the device with Cr as the anode. 
4.2.4 Influence of organic layer thickness on the device efficiency 
With organic layers sandwiched in between two metal electrodes, the top-emitting 
OLEDs investigated in this study show strong microcavity effects. Therefore, to 
obtain maximum efficiency, it is desirable to have emission at the antinode position so 
that constructive interference between forward emitted and reflected waves can take 
place, as also indicated in Eq. 4.1. Hence, the location of emitters in the device is 
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crucial for the device efficiency. This may be adjusted by changing the thickness of 
HTL and/or ETL as demonstrated in Fig. 4.8: Fig 4.8 shows the calculated 
dependence of the vertical luminescence intensity on the thickness of HTL and ETL 
thickness of a device with the following structure: 
Glass substrate/ Ag (>80 nm)/ p-HTL (Y nm)/ EBL (10 nm)/ EML (20 nm)/ HBL (10 
nm) /n-ETL (X nm)/ Ag (15 nm)  
The calculation was made using software called Emissive Thin Film Optics Simulator 
(ETFOS). In this software, a radiative species is modeled as emissive dipole. The 
emission is assumed to be originating from radiative dipoles embedded in a multilayer 
thin film stack and is solved numerically in one dimension using a transfer matrix 
method as a function of the viewing angle [138]. For the calculation, the 
photoluminescence spectrum of the green emitter Ir(ppy)3 was used and the emission 
zone was assumed to be located at the center of the EML.  
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Fig. 4.8. Thin film optical simulation of the device luminescence intensity (vertical) with different 
HTL and ETL thickness using the software ETFOS [138], which shows a periodic dependence of 
luminescence on the HTL and ETL thickness of a top-emitting OLED.
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4.3 Highly efficient top-emitting OLEDs  
4.3.1 High efficiency top-emitting OLEDs employing Ag as both bottom and 
top electrodes 
As demonstrated above, the electrical properties of the electrodes and the 
thickness of the charge carrier transport layers have little influence on the electrical 
properties of the devices when electrically doped p- and n-type organic layers are used 
as HTL and ETL. This considerably eases the optimization procedure of top-emitting 
OLEDs: Only the optical device structure has to be optimized to achieve optimum 
efficiency.  
Because Ag has one of the highest reflectivities among all metals, it was used in 
this study as highly reflective bottom anode (details in Session 4.2.3). Furthermore, 
Ag is also an ideal metal for being used as top contact due to its low absorption in the 
visible spectral region and its highest conductivity among all metals. In this study, 
15nm Ag is used as the top cathode, which is a compromise between electrical and 
optical properties. Fig. 4.9 shows its reflectance, transmittance, and absorbance as 
function of wavelength. 
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Fig. 4.9. Transmittance (T), reflectance (R), and absorbance (A) of 15 nm Ag as seen from inside the 
organic layer. 
In the following, we will discuss a top-emitting OLED with an optimized device 
structure, which is modeled and compared to a series of experiments. For comparison, 
a corresponding bottom-emitting OLED with a similar structure as reported 
Chapter 4 Top-emitting OLEDs with non-inverted structure 
 
58
previously [109] is used as reference, which has the following optimized device 
structure: 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.10. Device structure of an optimized (left) top-emitting and (right) bottom-emitting OLEDs. 
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Fig. 4.11. Comparison of current density-voltage (solid) and luminance-voltage (open) 
characteristics of an optimised top-emitting OLED (square) and bottom-emitting OLED (triangle) 
with the same organic layer structure. 
The J-L-V characteristics of the top- and bottom-emitting OLED are compared in 
Fig. 4.11. Both devices show comparable electrical properties. The J-L-V curves of 
the two devices show a steep increase after the onset, which indicates an efficient 
carrier injection from both electrodes caused by the p-i-n device structure. This 
confirms once more that the work function of the electrodes is not crucial in OLEDs 
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with doped transport layers since the electrodes in the top-emitting OLED have much 
larger energy barriers at the injecting interfaces than those of the bottom-emitting 
OLEDs.  
Assuming Lambertian emission in both devices, the calculated external quantum 
efficiencies of these two devices are also comparable, which is especially true in the 
high brightness region, as shown in Fig. 4.12. The somewhat lower efficiency of the 
top-emitting OLED compared to the bottom-emitting device at low brightness is 
mainly due to the higher leakage current caused by the roughness of the metal bottom 
electrode of the top-emitting OLED. In the inset of Fig. 4.12, the electroluminescence 
spectra of these two devices are compared with the photoluminescence spectrum of 
the emitter. Due to stronger microcavity effects in the top-emitting device, the 
emission at the photoluminescence peak wavelength is suppressed while the emission 
at the wavelength of the photoluminescence shoulder is enhanced. 
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Fig. 4.12. External quantum efficiencies of the top- and bottom-emitting OLEDs. In the inset, 
electroluminescence spectra of the two devices and the photoluminescence (PL) spectrum of the 
emitter are shown. 
4.3.2 Efficiency improvement by an organic capping layer 
Unfortunately, a large portion of the generated light is still trapped and absorbed 
eventually in the device (see Fig. 2.10) because light is outcoupled out from a dense 
medium (n ~1.7) into a less dense medium (air). For bottom-emitting OLEDs, several 
different methods can be used to extract this trapped light (details in Section 2.2.3.2). 
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However, the outcoupling enhancement methods used in bottom-emitting OLEDs are 
not directly applicable to top-emitting OLEDs, as the outcoupled light is going 
through the top contact instead of the bottom substrate 
Recently, a dielectric layer on top of the thin top metal contact has been 
introduced to improve the device efficiency by changing the transmittance of the top 
contact, an option which is known from thin film optics [19, 20]. It is shown that this 
transmittance-tuning effect depends not only on the layer thickness, but also on the 
refractive index of the dielectric layer, as demonstrated in Fig. 4.13. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.13. Calculated transmittance of a top contact stack consisting of 15 nm Ag and a capping 
layer at the wavelength of 510 nm as functions of capping layer thickness and refractive indexj. 
The method was also used in this study by introducing an additional 
dielectric/semiconductor layer, the so-called capping layer, on top of the cathode of 
top-emitting OLEDs. Instead of other high refractive index materials such as TiO2 and 
ZnSe etc., an organic layer of MeO-TPD was used as capping layer, which can be 
easily deposited by thermal evaporation. A set of devices was investigated in detail: 
All diodes were prepared in the same run having an identical structure but different 
MeO-TPD capping layer thickness. The MeO-TPD capping layer thickness was 
varied from 0 to 200 nm. 
                                                 
j The calculation was made by Prof. Vadim Lyssenko of the IAPP using a transfer matrix method. 
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4.3.2.1 Influence of the capping layer thickness on the performance of 
top-emitting OLEDs in perpendicular direction 
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Fig. 4.14. Current efficiency vs. luminance of the top-emitting OLEDs with a capping layer 
thickness of 0, 27, 58, 75, 90, 103, 124, 151, and 200 nm, respectively. 
Fig. 4.14 shows the current efficiencies of top-emitting OLEDs with different 
capping layer thickness as a function of brightness, measured in vertical direction. It is 
clearly seen that the capping layer has a significant influence on the efficiency of the 
top-emitting device. The device without capping layer has a high current efficiency of 
56 cd/A at 1000 cd/m2. As expected, with the capping layer applied, the current 
efficiencies of the devices can be improved dramatically, showing a maximum 
enhancement by a factor of 1.38 at a capping layer thickness between 75 nm and 90 
nm, with a peak efficiency of 78 cd/A at 1000 cd/m2. As demonstrated already, it can 
be seen from Fig. 4.15 that the performance of the devices shows no direct correlation 
with the transmittance of the top contact: the efficiency variation is not systematic, 
although the transmittance of the top contact shows an oscillatory dependence on the 
capping layer thickness. The latter is expected from thin film optics. It is clearly seen 
that the highest efficiency is achieved at thicknesses where the top contact has almost 
the lowest absorption, which agrees with the result from other groups although they 
used a completely different device structure [87, 102]. Obviously, this enhancement is 
not simply dependent on the transmittance of the top contact, but on the complex 
interference effects within the device.  
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Fig. 4.15. Calculated transmittance (T), reflectance (R), and absorbance (A) of the top contact stack 
(shown in the inset) at a wavelength of 510 nm depending on the capping layer thickness using a 
transfer matrix methodk. The thickness of the organic layer is assumed to be infinite. The scattered 
dots represent the current efficiency of the top-emitting OLEDs at 10000 cd/m2.   
However, the electroluminescence spectra of these devices exhibit a strikingly 
large dependence on the transmittance of the top contact, as depicted in Fig. 4.15 and 
Fig. 4.16. The electroluminescence spectrum of the uncapped device is already 
changed and red-shifted compared to the photoluminescence spectrum of the emitter 
due to the relatively strong microcavity effect, which leads to a narrowed spectrum 
with enhanced light emission at the resonance wavelength. As a result, it exhibits the 
most enhanced light emission around 540 nm (where the photoluminescence spectrum 
has only a small shoulder) with suppressed emission at the photoluminescence peak 
wavelength. By increasing the capping layer thickness up to 200 nm, the position of 
the peak and shoulder remain almost unchanged (with the exception of devices with 
capping layer thickness of 97 and 103 nm), but the relative intensity at the shoulder 
changes periodically, leading to a periodic change of the full width at half maximum 
(FWHM) of the spectra. This coincides with the oscillatory dependence of the 
transmittance of the top contact with the capping layer thickness (see Fig. 4.15). This 
phenomenon can be explained as follows: It is known that the cavity finesse depends 
on the reflectivity of both contacts, indicating that the magnitude of microcavity 
effects in top-emitting OLEDs changes with the transmittance of the top contact, 
which shows a periodic dependence on the capping layer thickness. The influence of 
the emitter is more pronounced with the decrease of cavity finesse. Consequently, 
light emission at the photoluminescence peak wavelength is enhanced or reduced 
                                                 
k The calculation was made by Dr. Thomas Stübinger of Novaled AG using a transfer matrix method. 
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periodically with increasing capping layer thickness so that the FWHM changes 
concomitantly. As expected, at a capping layer thickness of 200 nm, where the top 
contact is most transparent, indicating the least cavity finesse, the relative intensity at 
the position of the photoluminescence peak wavelength is the highest, leading to two 
nearly equivalent peaks. As a result, the electroluminescence spectrum is the broadest 
among all electroluminescence spectra, and it is even broader than the 
photoluminescence spectrum. In the opposite case, i.e. at the lowest transmittance of 
the top contact, corresponding to a capping layer thickness of 124 nm where the 
cavity finesse is the highest (as indicated by Eq. 2.15), the spectrum is the narrowest 
as indicated by Eq. 2.18 with a FWHM of only 34 nm.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.4.16. Normalized electroluminescence spectra of devices with different capping layer thickness. 
The photoluminescence (PL) spectrum of Ir(ppy)3 is shown as a reference. 
It is well known that the spontaneous emission from an emitter is normally 
altered in optical microcavities, which results in an alteration of the radiative decay 
time of the emitter and correspondingly in a change of the radiative decay rate. 
Therefore, it is possible that the efficiency enhancement of devices by the capping 
layer is due to the enhanced intrinsic quantum yield of the emitter because of the 
enhanced radiative decay of the emitter. However, for the emitter Ir(ppy)3 with 
dominant radiative decay (photoluminescence quantum yield nearly 100 % when 
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doped into a suitable matrix) [139, 140], the intrinsic emission is almost independent 
of the optical device structure so that the influence of the device structure on the 
emitter can be neglected [94]. So, the efficiency enhancement by the capping layer 
could either be attributed to the redistribution of the emitted light (such that only the 
light emission in forward direction is enhanced with nearly no improvement on the 
outcoupling efficiency, as demonstrated by another group [100]), or to the improved 
outcoupling efficiency as a result of the modified optical structure by the capping 
layer. To find out which is the main reason for the efficiency enhancement, the 
angular dependence of emission intensity and spectral characteristics on the capping 
layer thickness are studied. 
4.3.2.2 Influence of the capping layer on the overall performance of top-emitting 
OLEDs 
Because of the microcavity effect in top-emitting OLEDs, the emission profile of 
this kind of device is usually not Lambertian. Fig. 4.17 depicts the 
electroluminescence intensity (radiance) of the top-emitting OLEDs discussed above, 
measured at a current density of 6 mA/cm2 with selected capping layer thicknesses as 
a function of the viewing angle. All devices are obviously not Lambertian and there is 
a significant electroluminescence intensity drop at larger viewing angles.  
 
 
 
 
 
 
 
 
 
Fig. 4.17. Electroluminescence (EL) intensity (radiation) vs. the observation angle for top-emitting 
OLEDs with a capping layer thickness of 0, 27, 58, 75, 97, 103, 124, and 151 nm, measured at 6 
mA/cm2. 
For the device without capping layer, the emission intensity shows a slow 
increase with viewing angle until a maximum is reached at 30o; then, it drops steadily. 
With increasing capping layer thickness, this emission increase with viewing angle is 
more pronounced. However, for the device with the capping layer thickness of 97 nm, 
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the electroluminescence intensity curve is completely different, showing an enhanced 
radiation within a small range of viewing angles in forward direction. The most 
forward-enhanced device is the one with a capping layer thickness of 103 nm, having 
a maximum enhancement of the radiation by a factor of 1.46 at 0o viewing angle. For 
devices with even thicker capping layers, the intensity curves return to the former 
shapes again, showing maximum intensity at a viewing angle of 30o. The spectral 
characteristics of devices with a typical layer thickness of 0, 75, 103, and 124 nm are 
presented in Fig 4.18 (a), (b), (c), and (d), respectively. For devices with a capping 
layer thickness of 0, 75 and 124 nm, there is a relatively strong blue shift of the peak 
wavelength with increasing viewing angle, exhibiting maximum emission intensity at 
a viewing angle of 30°, as already shown in Fig. 4.18. As a consequence, the CIE 
1931 color coordinates change from (0.28, 0.68) for 0° to (0.22, 0.68) at 65°, which 
however is hardly detectable by the human eye. A special case is the spectral 
characteristics of the device with a capping layer of 103 nm, shown in Fig. 4.18 (c). 
The spectral distribution behaves very differently from the others as it also does in the 
angular distribution of electroluminescence intensity (see Fig. 4.17). The peak 
wavelength and the FWHM are almost independent on the viewing angle. However, 
the fast decrease of the electroluminescence intensity with increasing viewing angle, 
which has already been observed in Fig. 4.17, is clearly visible. This difference in the 
angular dependence of the emission profile is caused by a combined effect of the 
emitter spectrum and the optical structure of the devices, because Ir(ppy)3 has a 
broad-band emission spectrum and the microcavity effect in the devices is not very 
strong. It is known that the resonance wavelength of a microcavity decreases with 
increasing emission angle, approximately following [141, 142]: 
λ=λ0 cos(θint),            (4.2) 
where λ0 is the resonance wavelength in the optical axis direction and θint is the 
internal emission angle, which is related to the external viewing angle by Snell’s law. 
As the result, the resonance wavelength (corresponding to peak wavelength in 
electroluminescence spectra) suffers from a strong angular dependence, showing a 
blue shift with increasing viewing angle. As shown in Fig. 4.18 (a), (b), and (d), which 
display the angular dependence of spectral characteristics for the devices with capping 
layer of 0, 75, and 124 nm, the electroluminescence peaks at 0° viewing angle of these 
devices are roughly at 540 nm, which means almost 30 nm red shift of the resonance 
wavelength of the devices relative to the photoluminescence peak wavelength of 
Ir(ppy)3. With increasing viewing angle, the resonance wavelength decreases and 
approaches the photoluminescence peak wavelength, so the peak intensity is blue 
shifted and increases progressively until the maximum electroluminescence intensity 
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is reached at a viewing angle around 30° due to the combination effect. With further 
increase of the observation angle, light with even shorter wavelength will be amplified 
because of the shortening of the cavity resonance wavelength. However, due to the 
asymmetric photoluminescence spectrum, the emission intensity of Ir(ppy)3 drops 
dramatically faster at wavelengths shorter than the peak wavelength, so that the 
out-coupled electroluminescence intensity rather decreases with larger viewing angle. 
For the device with a capping layer of 103 nm, the resonance wavelength at 0° is 
already very close to the photoluminescence peak wavelength of Ir(ppy)3. 
Consequently, the electroluminescence intensity at the photoluminescence peak 
wavelength is strongly enhanced, such that the maximum intensity appears in vertical 
direction. Although the emission at wavelengths shorter than the photoluminescence 
peak wavelength would be enhanced, with increasing viewing angle the emission of 
the emitter (see photoluminescence) is so weak that the electroluminescence intensity 
decreases dramatically, such that only light close to the photoluminescence peak 
wavelength is coupled out. Therefore, the device shows an enhanced forward 
emission with hardly any angular dependence of the emitted color. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.18. Electroluminescence (EL) spectra at various viewing angles depending on the capping 
layer thickness: 0 nm (a), 75 nm (b), 103 nm (c) and 124 nm (d). Electroluminescence intensity data 
are normalized to the case of forward direction. 
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Table 2 shows the overall performance of these devices. At a capping layer 
thickness between 75 nm and 90 nm, both the current efficiency in forward direction 
and the quantum efficiency of the devices are significantly improved by 35 %, 
resulting in a maximum external quantum efficiency of 17.8 %. It is obvious that this 
efficiency enhancement can be attributed mainly to the improvement of the 
outcoupling efficiency due to the changed optical device structure using the capping 
layer, otherwise the overall performance of would not be enhanced.  
 
Capping layer thickness (nm) 0 27 48 58 75 90 97 103 124 151
Current efficiency (cd/A) for 
1000 cd/m2 at 0° 
56.4 65.6 63.0 68.8 77.9 78.1 67.5 63.7 65.6 74.6
External quantum efficiency 
(%) at 1.6 mA/cm2 
13.1 16.1 16.4 16.5 17.7 17.8 14.4 14.9 12.4 16.0
Table 2. Performance data of the devices with selected capping layer thickness. 
4.3.3 Highly efficient red, green, and blue top-emitting OLEDs 
Extending the capping strategy to red and blue top-emitting OLEDs, highly 
efficient red and blue devices have been demonstrated as well. These devices contain 
capping layers of different thickness, optimized for the different wavelengths of the 
emitted light. 
 
Voltage (V) CE (cd/A) EQE (%) 
OLEDs CIE (x, y) at 100 cd/m2 
at 1000 
cd/m2 
at 100 
cd/m2 
at 1000 
cd/m2 
at 1000 
cd/m2 
Red top 1 
(phosphorescent) 
(0.66, 
0.34) 2.31 2.55 16.7 13.6 10.6 
Red top 2 
(phosphorescent) 
(0.70, 
0.30) 2.40 3.02 10.2 9.2 15.3 
Red bottom 
(phosphorescent) 
(0.68, 
0.31) 2.40 3.00 7.3 6.5 11.3 
Green top 1 
(phosphorescent) 
(0.25, 
0.70) 2.64 2.95 86.1 87.7 16.9 
Green top 2 
(phosphorescent) 
(0.33, 
0.65) 2.70 3.10 78.0 77.5 20.1 
Green bottom 
(phosphorescent) 
(0.30, 
0.62) 2.66 2.90 83.0 77.0 19.0 
Blue top1  
(fluorescent) 
(0.14, 
0.11) 3.09 3.61 3.6 3.4 3.7 
Blue top2 
(fluorescent) 
(0.14, 
0.22) 3.01 3.34 8.6 9.0 5.0 
Blue bottom 
(fluorescent) 
(0.14, 
0.17) 2.90 3.50 7.3 6.8 5.2 
Table 3. Overview of red, green and blue top-emitting OLEDs. Corresponding conventional 
bottom-emitting OLEDs from our group are shown as reference. CE-current efficiency; 
EQE-external quantum efficiency (EQE of the top-emitting OLEDs were measured in a calibrated 
integrating sphere). 
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Fig. 4.19. Electroluminescence spectra of a) red, b) green, and c) blue OLEDs discussed in the Table 
3. Photoluminescence (PL) spectra of all the emitters are also shown.   
As already shown in Chapter 3, organic emitters used in OLEDs are normally 
broad-bandwidth emitters having asymmetric intrinsic emission with most part of 
their emission red-shifted to their peak emission (having red-shifted shoulders or tails). 
It is also known that top-emitting OLEDs have strong microcavity effects with their 
resonance wavelength blue-shifted with increasing viewing angle. Due to these two 
facts, the structure of a top-emitting OLED can be optimized either by setting the 
on-axis cavity resonance wavelength at photoluminescence peak of emitters to get 
most forward-directed light and hence possible highest on-axis efficiencyl with 
slightest color shift or tuning it around 20 nm more to photoluminescence peak to 
                                                 
l As a photometric unit, current efficiency is also determined by the photopic response of the eye. 
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achieve highest external quantum efficiency, but relatively large color shift (as 
demonstrated in Fig. 4.17 and Fig. 4.18). Table 3 gives an overview over the 
performance data of red, green and blue top-emitting OLEDs using NDP2 doped 
NHT5 as p-type hole transport layer. Every kind of OLED has two different optimized 
device structures to achieve highest current efficiency and external quantum efficiency, 
respectively. The electroluminescence spectra of all these devices are shown in Fig. 
4.19. 
4.4 Quantum efficiency enhancement as a result of enhanced 
intrinsic quantum yield 
It is obvious from Table 3 that green and blue top-emitting OLEDs have 
comparable external quantum efficiency to their bottom-emitting counterparts, which 
indicates that the outcoupling efficiency of top-emitting OLEDs is not significantly 
better than that of their bottom-emitting counterparts despite the missing substrate loss 
in top-emitting devices. This is not yet understood, but in agreement with 
experimental and simulated results of other groups [77, 86]. Because of this similar 
outcoupling efficiency of top and bottom-emitting OLEDs, it seems that the external 
quantum efficiency of an optimized top-emitting OLED can not be much higher than 
in a corresponding optimized bottom-emitting device. However, it is not the case for 
the red top-emitting OLED, which is shown being 35% more efficient than its 
corresponding bottom-emitting variant in the Table 3. The reason for this discrepancy 
is investigated in this Section. 
4.4.1 Experiment 
The well studied phosphorescent metal complexes Ir(piq)3, Ir(ppy)3, and FIrpic 
were used as red, green and blue emitters, respectively. All top-emitting OLEDs had 
the same structure as their corresponding bottom-emitting counterparts, but a different 
optimized transport layer thickness (see Table 4). In all the devices, F4-TCNQ doped 
MeO-TPD with a doping concentration of 4 mol% is used as p-type HTL, Cs doped 
Bphen as n-type ETL and MeO-TPD as capping layer. 
OLEDs Anode HTL EBL EML HBL ETL Cathode 
Red top AlNd/Ag >100/30 nm 55 nm 40 nm 
Ag 15 nm 
Capping 110 nm
Red bottom ITO 132 nm 60 nm 
NPD 
10 nm 
NPD: Ir(piq)3
20 wt%, 20 nm
Bphen
10 nm
45 nm Ag >100 nm 
Green top AlNd/Ag >100/30 nm 45 nm 25 nm 
Ag 15 nm 
Capping 90 nm
Green bottom ITO 132 nm 125 nm 
Spiro-TAD
10 nm 
TCTA: Ir(ppy)3
8 wt%, 5 nm/
TPBI:Ir(ppy)3
8 wt%, 10 nm
Bphen
10 nm
45 nm Al >100 nm 
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Blue top AlNd/Ag >100/30 nm 20 nm 140 nm 
Ag 15 nm 
Capping 60 nm
Blue bottom ITO 132 nm 60 nm 
Spiro-TAD
10 nm 
TCTA: FIrpic
12 wt%, 20 nm
BAlq3
10 nm
40 nm Al >100 nm 
Table 4. Device structures of red, green and blue top- and bottom-emitting OLEDs. 
External quantum efficiencies of all the devices were measured in a calibrated 
integrating sphere. Photoluminescence experiments were carried out to determine the 
triplet exciton lifetime by Sebastian Reineke and Dr. Sergey Bagnich of IAPP. The 
devices were excited by a short laser pulse (~ 500 ps, 337 nm) from a nitrogen laser 
MSG-SD (Lasertechnik Berlin GmbH). The emitted photoluminescence signals was 
collected with a fast PDA 55 photodiode (Thorlabs GmbH, Karlsfeld) and recorded in 
a multichannel oscilloscope Infinium 54815A (Hewlett Packard, Houston). 
4.4.2 Results and discussion 
The external quantum efficiencies of all devices measured in the integrating 
sphere are summarized in Table 5. With optimized structures, all the devices show 
high efficiency even at high current densities, comparable to the reported high 
efficiency OLEDs having similar structures [109, 126, 143]. Calculated External 
quantum efficiencies based on the assumption of a Lambertian distribution of the 
emission are also shown in the Table.  
 
Red Green Blue 
OLEDs 
Top Bottom Top Bottom Top Bottom 
EQE(%) measured in 
integrating sphere 12.0 9.8 17.7 17.9 5.0 5.1 
EQE(%) calculated 
(assuming Lambertian light 
distribution) 
16.0 9.9 18.1 18.0 5.8 5.1 
Table 5. External quantum efficiency (EQE) of the red, green and blue top- and bottom-emitting 
OLEDs measured in the integrating sphere at a current density of 15.7 mA/cm2, 1.6 mA/cm2 and 9.0 
mA/cm2, respectively (at these current densities, all devices have a brightness around 1000 cd/m2). 
For comparison, calculated external quantum efficiencies assuming Lambertian distribution of light 
are shown as well. 
In all bottom-emitting OLEDs, the measured external quantum efficiencies 
closely agree with the calculated values, indicating a Lambertian distribution of all 
bottom-emitting OLEDs. Consistent with the result of Table 5 and simulations by 
other groups [78, 87] that top- and bottom-emitting OLEDs have similar outcoupling 
efficiency, green and blue top-emitting OLEDs show comparably high external 
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quantum efficiencies with corresponding bottom-emitting devices (17.7% vs 17.9% in 
green and 5.0% vs 5.1% in blue at current densities of 1.6 and 9.0 mA/cm2, 
respectively). The red top-emitting OLED, however, has a much higher efficiency 
than the red bottom-emitting OLED (12% vs 9.8% at a current density of 15.7 
mA/cm2). Based on the assumption made above that the outcoupling efficiency of a 
top-emitting OLED is similar to a bottom-emitting device [77, 86], the efficiency 
difference in the red OLEDs has to be attributed mainly to an increased internal 
quantum efficiency of the top-emitting device.  
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Fig. 4.20. Comparison of current density-voltage curves of (a) red, (b) green, (c) blue bottom- and 
top-emitting OLEDs. 
It is known that the internal quantum efficiency of an OLED is determined both 
by the electrical properties (charge balance factor, etc.) of the device and by the 
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intrinsic quantum yield of the emitter. It thus might also be possible that the higher 
efficiency in the red top-emitting OLED is due to improved electrical properties of the 
device since the top-emitting OLEDs have different electrodes and different optimized 
HTL and ETL thickness, compared to those of the equivalent bottom-emitting devices. 
The current density-voltage (J-V) characteristics of the top- and bottom-emitting 
OLEDs in red, green and blue are compared in Fig. 4.20. Although they have slightly 
different electrical structures, all top-emitting OLEDs show electrical properties 
comparable to their corresponding bottom-emitting counterparts due to the high 
conductivity of the n- and p-doped charge carrier transport layers. Small deviations in 
the low voltage range are due to different leakage currents which may be attributed to 
different substrate surface roughness. Furthermore, the external quantum efficiency is 
only enhanced in the red, but not in the green and blue top-emitting OLEDs. We thus 
conclude that the efficiency enhancement in the red top-emitting OLED can be 
attributed exclusively to the improved intrinsic quantum yield of the emitter. 
The optical structures of top and bottom-emitters are significantly different due to 
different optical properties of the electrodes and the different thickness of the charge 
carrier transport layers. As the result of the reflective bottom contact, a 
bottom-emitting OLED shows a weak microcavity effect. This microcavity effect is 
much stronger in a top-emitting OLED because of the reflective bottom and partially 
reflective top contact. It is well known that the spontaneous emission of an exciton is 
influenced by the environment in which the radiative decay of the exciton takes place, 
as indicated by Fermi’s Golden Rule: 
ffifi MK ρ
π 22
→→ =
h
,         (4.3) 
where the decay probability K depends on not only the coupling between the initial (i) 
and final (f) state of a system, but also on the density of the final states (ρf). Because 
of the different microcavity effect, the density of optical states in a top and 
bottom-emitting OLED is different, which leads to a modification of the exciton 
lifetime according to [144] 
ξ
n)(λ
V=
τ
τ
c
m ×3
2
0 /3Q
4π ,        (4.4) 
where τ0 and τ are the exciton lifetime in free space and cavity (here: OLED), 
respectively. In Eq. 4.4, the first term is the well known Purcell Factor, which is only 
related to cavity properties: λc and Q are the resonance wavelength and quality factor 
of the cavity, respectively. Vm is the mode volume and n is the refractive index of the 
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cavity medium; the second (ξ) describes the spectral and spatial matching between the 
exciton and cavity mode, being normally smaller than 1. Eq. 4.4 predicts that the 
radiative lifetime of excitons can be much lower in top-emitting OLEDs than in 
corresponding bottom-emitting devices due to a stronger microcavity effect (larger Q 
factor). Fig. 4.21 shows the measured exciton decay of bulk films of the emission 
layer in comparison to bottom and top-emitting OLEDs. As expected, excitons in all 
top-emitting OLEDs show the shortest lifetimes. Since the triplet lifetime is defined as 
the inverse of the sum of radiative and non-radiative decay rates of an excited triplet 
state, the decrease of exciton lifetime corresponds to an increase of the total exciton 
decay rate. Considering that the enhanced spontaneous emission in a stronger cavity 
does not affect the non-radiative decay since the optical structure of the device should 
not influence non-radiative decay pathways, the increase of exciton decay rates 
mentioned above is mainly due to the increase of radiative decay. The internal 
quantum yield (ηint) can be expressed as [30] 
nrr
nr=
κκ
κη
+
−1int ,             (4.4) 
where κr is the radiative decay rate and κnr the non-radiative decay rate. It is shown by 
Eq. 4.4 that the quantum yield can be enhanced when the radiative rate κr is increased. 
However, no enhancement is expected when the photoluminescence quantum yield of 
an emitter is close to unity. In this case, the non-radiative decay rate κnr is close to 
zero. This is consistent with the results of the blue and green devices in this study. 
Both the green emitter Ir(ppy)3 and the blue emitter FIrpic have nearly 100% 
phosphorescence quantum efficiency in suitable host-guest films [140] and, therefore, 
the non-radiative decay of excitons in the emitter is negligibly small compared to the 
radiative decay. As the result, although the triplet lifetime in green and blue 
top-emitting OLEDs is reduced compared to equivalent green and blue 
bottom-emitting devices, as shown in Fig. 4.21, the intrinsic quantum yield of the 
emitters can not be improved anymore. This leads to a comparable external quantum 
efficiency for green as well as blue top- and bottom-emitting OLEDs. Although no 
precise value of the intrinsic quantum yield of the red emitter Ir(piq)3 is available, it is 
estimated to be around 50% from the external quantum efficiency of red 
bottom-emitting OLED [143] and a comparison of quantum yield between Ir(ppy)3 
and Ir(piq)3 in solution [145]. Therefore, according to Eq. 4.4, the radiative and 
non-radiative decay rates of excitons in the red emitter are comparable. As expressed 
in Eq. 4.4, the quantum efficiency of the red top-emitting OLED can thus be enhanced 
compared to the bottom-emitting counterpart. Indeed, as compared in Table 3 and 
Table 5, this is observed for the OLED comprising the red emitter Ir(piq)3 where we 
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observe an efficiency increase of more than 20%. 
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Fig. 4.21. Measured exciton decays of the bulk film of host-guest emission layers, bottom- and 
top-emitting OLEDs for (a) red, (b) green, and (c) blue. The exciton lifetime of every device is 
extracted from corresponding decay curve assuming an exponential decay. 
Still, for all three colors, the enhanced emission rate can reduce bimolecular 
quenching processes in OLEDs occurring at high brightness. Phosphorescent OLEDs 
usually show the influence of quenching processes such as triplet-triplet annihilation 
(TTA) and triplet-polaron quenching (TPQ), resulting in a reduction of the external 
quantum efficiency at high current density [146-148]. The magnitude of both 
processes is affected by the triplet lifetime, i.e. a reduction of τ also reduces the 
bimolecular processes, which is clearly indicated by [148] 
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where η0 and η(j) are the initial quantum efficiency and quantum efficiency at the 
current density of j, respectively. KTT and KP are the rate constants of TTA and TPQ 
processes respectively, which can be determined by experiments. w is the thickness of 
the exction formation zone, which can also be determined by experiments and e is the 
elementary charge. The parameter l (l= Et /KT, Et -depth of trap states) characterizes 
the spatial and energetic distribution of traps, which equals to 1 in case of trap free or 
shallow traps. The parameter C in the equation describes microscopic properties (the 
mobility, dielectric constant etc.) of a certain system, which can only be estimated 
from experiments. We have thus investigated the external quantum efficiency as a 
function of current density, using a calculated quantum efficiency based on the 
assumption of Lambertian distribution of light. This assumption does not influence 
the shape of the efficiency curves, but only the absolute value of the light emission 
efficiency of the OLEDsm. The external quantum efficiency vs. current density of the 
green and red devices is shown in Fig. 4.22. It is clearly seen that the bottom-emitting 
OLEDs have a stronger efficiency roll-off compared to the corresponding top-emitting 
OLEDs, in particular for high current densities. Fits based on a model [148] using Eq. 
4.5, which theoretically describes the quenching processes (TTA and TPQ) as a 
function of current density, are also shown in the figure to show the influence of the 
triplet lifetime on the roll-off behaviourn. One can clearly see that the efficiency 
roll-off is reduced for the case of top-emitting OLEDs, which is attributed to reduced 
quenching as a consequence of a shorter triplet lifetime in the top-emitting devices. 
The efficiency roll-off of the red and green top- and bottom-emitting devices with 
the identical emitting systems is further compared in Table 6. Although some green 
and red bottom-emitting OLEDs have higher external quantum efficiency than their 
top-emitting counterparts, they still have a more severe efficiency decrease at the 
same brightness range. It is clearly shown that not only all the top-emitting OLEDs, 
but also the bottom-emitting microcavity OLED show a less pronounced 
efficiency-roll off than the corresponding bottom-emitting OLEDs, which confirms 
that the reduced efficiency roll-off in top-emitting OLEDs is really attributed to the 
reduced exciton lifetime as discussed in Fig. 4.21.  
                                                 
m This is true if there is little change of recombination zone with increasing current. 
n The calculation was made by Sebastian Reineke of IAPP. 
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Fig. 4.22. Calculated quantum efficiency at different current density based on the assumption of 
Lambertian distribution of light of (a) red and (b) green bottom- (solid squares) and top-emitting 
OLEDs (open triangles). The solid lines are the calculated fits based on a model [148] and the 
dashed line in Fig. 4.22a is the fit of the red bottom-emitting OLED rescaled as a guide to eyes. 
Top-emitting Bottom-emitting 
18.4/17.7 (7.6%) 16.4/14.1 (14.0%) 
14.5/13.4 (7.6%) 16.1/14.3 (11.2%) 
16.9/15.6 (7.6 %) 14.5/12.7 (12.4%) 
18.5/17.6 (5.1%) 15.3/13.2 (13.7%) 
18.9/17.7 (6.3%) 21.2/19.1 (10%)M 
17.2/16.1 (6.3%) 18.7/16.7 (10.7%)M 
 
 
EQE of green OLEDs at 
5000/15000 cd/m2 
17.6/16.4 (6.8%) 18.8/16.5 (12.2%)M 
4.8/4.4 (8.3%) 5.1/4.5 (11.7%) 
11.6/10.8 (6.9%) 9.8/8.7 (11.1%) 
13.9/13.1 (5.7%) 
EQE of  red OLEDs 
at 1000/2000 cd/m2 
11.6/10.8 (6.9%)MC 
10.9/9.9(9.2%) 
Table 6. External quantum efficiencies of green and red top- and bottom-emitting OLEDs. The 
values in the parentheses represent the efficiency roll-off at the corresponding brightness. 
MC-microcavity bottom-emitting OLEDs; M: OLEDs with microlens at the back of the glass 
substrate to improve light outcoupling.
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4.5 Conclusions 
It has been demonstrated that the use of doped transport layers allows a flexible 
choice of the contact metals both for cathode and anode without compromising the 
charge carrier injection properties. Furthermore, it has been also shown that by using 
doped transport layers, it is possible to vary the transport layer thickness without 
significantly disturbing the electrical device characteristics such as charge carrier 
balance etc., because of their high conductivities. As a result, doped transport layers 
allow optimizing the electrical and optical properties of top-emitting OLEDs at the 
same time. Because of its excellent electrical and optical properties (high reflection 
and low absorption), Ag was used as both anode and cathode material for high 
efficiency top-emitting OLEDs with low driving voltage.  
The performance of the top-emitting devices can be further improved by an 
organic capping layer. This improvement can be attributed to the change of the 
interference effects within the devices. From a comprehensive experimental study on 
the influence of an organic capping layer on the performance of top-emitting OLEDs, 
it has been demonstrated that both the current efficiency in forward direction and the 
external quantum efficiency of the device can be improved significantly. This 
improvement can be attributed basically to the enhancement of the device outcoupling 
efficiency due to the modification of the optical device structure by this capping layer, 
which produces a microcavity enhancement effect while minimizing the absorption. 
After extending the capping strategy to red and blue top-emitting OLEDs, highly 
efficient RGB top-emitting OLEDs have been demonstrated with external quantum 
efficiencies reaching 15%, 20%, and 5% at a brightness of 1000 cd/m2 for red, green 
and blue, respectively.  
Finally, we have demonstrated that the efficiency of top-emitting OLEDs can be 
much higher than corresponding bottom-emitting OLEDs even at similar outcoupling 
efficiency: Due to enhanced intrinsic quantum yield as the result of shorter triplet 
exciton lifetime and comparable radiative and non-radiative recombination rates, red 
top-emitting OLEDs showed a significantly higher external quantum efficiency (more 
than +35%) than the red bottom-emitting OLEDs. Furthermore, it has been 
demonstrated that the decrease of triplet lifetime results in reduced bimolecular 
quenching processes, especially in the high current density range.
 
 
Chapter 5 
Top-emitting OLEDs with inverted structure 
In this Chapter, a study on inverted top-emitting OLEDs will be presented. It will 
be shown that a typical inverted top-emitting OLED has a reduced electrical 
performance compared to its non-inverted counterpart even when having identical 
layer structure (in opposite layer sequence). Then, several inverted top-emitting 
OLEDs with identical structure but different electrodes will be compared. It is found 
that the influence of the electrodes on the device electrical properties is not negligibly 
small despite the fact that both p- and n- doped charge transport layers are used in all 
cases. By simulating both hole and electron injection into the emission layer with 
single carrier device structures, it is found that the electrical difference between the 
inverted and non-inverted OLEDs are due to the different carrier injection from 
cathode and anode. A metal/organic interface study based on evaluation of single 
carrier devices suggests different effective injection barriers between interfaces of 
metal-on-organic and organic-on-metal.  
5.1 Introduction 
In current active-matrix organic light-emitting displays based on conventional 
top-emitting OLEDs (non-inverted), usually low-temperature p-type polycrystalline 
silicon (LTPS) thin film transistor (TFT) backplane technology is used. However, to 
compete with other flat panel display technologies, amorphous silicon TFT (α-Si TFT) 
backplanes would be desirable because they can be manufactured in large sizes more 
easily and cheaply than LTPS-TFT backplanes. Since only n-type TFT can be made 
on α-Si backplanes, top-emitting OLEDs having the cathode as bottom and the anode 
as top electrode, referred as inverted top-emitting OLEDs, are desirable. These 
devices have a reversed structure compared to conventional OLEDs (see Fig. 5.1). 
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Therefore, there is an increasing interest to develop inverted top-emitting OLED 
technology to adapt OLEDs to the well-developed α-Si TFT backplane technology 
[21-23, 149, 150]. 
 
 
 
 
 
 
 
 
Fig. 5.1. Schematic illustration of an inverted (left) and non-inverted (right) top-emitting OLED 
structure. 
5.2 Challenges introduced by the inverted structure  
5.2.1 Inverted and non-inverted top-emitting OLEDs 
It has been demonstrated experimentally in Chapter 4 that the use of doped 
charge carrier transport layers (both n- and p-type) allows for a flexible choice of the 
contact metals for both electrodes. As the result, Ag has been successfully used both 
as cathode and anode to achieve high performance non-inverted top-emitting OLEDs 
because of its excellent optical and electrical properties. Therefore, an intuitive way to 
design an inverted top-emitting OLED would to be replicate the basic structure of a 
non-inverted device in such a way that the sequence of all organic layers is reversed 
(see Fig 5.1), while the total layer thickness and the position of emission zone is kept 
unchanged. Consequently, the device structure of an inverted and a non-inverted 
top-emitting OLED could be as follows: 
 
 
 
 
 
 
 
 
Inverted top-emitting OLED Non-inverted top-emitting OLED
EML 
Anode Cathode
Glass substrate
Cathode Anode
HTL ETL 
ETL HTL 
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Fig. 5.2. Device structure of an optimized (left) inverted and (right) non-inverted top-emitting 
OLEDs. 
Although hole and electron injection in the two devices occurs from Ag 
electrodes to the hole and electron transport layers, respectively, their J-V curves are 
considerably different, as shown in Fig. 5.3a: The inverted top-emitting OLED shows 
not only a higher onset voltage (around +0.5 V), but also a flatter J-V curve than the 
non-inverted device, suggesting that there are problems of charge carrier injection to 
the emission zone in the inverted device. Fig. 5.3b shows calculated 
capacitance-voltage (C-V) and resistance-voltage (R-V) spectra of the two devices 
from impedance spectrum measurements at a frequency of 100 Hz, where only the 
capacitance of the barrier (including depletion region) and undoped layers can be 
measured. Consistent with the J-V curves, both the C-V and R-V curves demonstrate 
superior electrical properties of the non-inverted OLED over the inverted device. 
Besides the onset voltage, there is another difference between these two C-V curves: 
In the inverted device, the capacitance decrease with increasing bias voltage 
(illustrated by a blue arrow in Fig. 5.3b) is observed right before an abrupt increase of 
the capacitance (from the bias voltage of 2.9-3.3 V). This indicates that additional 
barriers are introduced in the inverted device by just reversing the device structure. 
Unfortunately, a detailed understanding and analysis of these barriers can not be 
obtained with the methods and device structures used here. 
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Fig. 5.3. (a) J-V characteristics and (b) C-V/R-V spectra of the inverted and non-inverted 
top-emitting OLEDs. 
5.2.2 Inverted top-emitting OLEDs with different electrodes 
Another peculiarity of inverted devices compared to non-inverted devices is that 
the electrode materials have a relatively large influence on the electrical properties of 
inverted top-emitting OLEDs, as demonstrated in Fig. 5.4, where the J-L-V 
characteristics of inverted devices with different electrodes are compared. All the 
inverted devices studied had an identical structure but different cathode and anode 
combination, which were Ag/Ag, Al/Ag, Ag/Au and Al/Au: 
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Glass substrate/ Cathode (30 nm)/ Bphen:Cs (40 nm)/ Bphen(10 nm)/ TPBI:Ir(ppy)3 
(8 wt%, 10 nm)/ TCTA:Ir(ppy)3 (8 wt%, 5 nm)/ Spiro-TAD (10 nm)/ 
MeO-TPD:F4-TCNQ (4 mol%, 30 nm)/ Anode (15 nm) 
  
 
Fig. 5.4. (a) J-V and (b) L-V characteristics of inverted top-emitting OLEDs with different electrode 
combination. 
In Fig. 5.4a, it is clearly shown that different electrode combinations lead to 
different electrical device properties: The device using Ag both as cathode and anode 
has the worst electrical performance (black curve). By replacing one electrode with Al 
as cathode (red curve) or Au as anode (green curve), the device improves. The best 
electrical properties are achieved by replacing both Ag electrodes with Al and Au as 
cathode and anode, respectively. Consistent with their electrical properties, the device 
using the Al/Au electrode combination has the lowest operating voltage while the 
device having Ag as both cathode and anode shows the highest driving voltage (see 
Fig. 5.4b). It is obvious that not only the top anode, but also the bottom cathode has 
large influence on the electrical device properties (their driving voltage etc.) and 
eventually on the device efficiency, despite the fact that both n- and p-doped transport 
layers are used. This is contradictory to the case of non-inverted devices where 
electrode materials have almost no influence on electrical device properties, as 
demonstrated in Section 4.2.1. Moreover, although the inverted top-emitting OLED 
using Al and Au as bottom cathode and top anode, respectively, has the best electrical 
properties among all four inverted devices (see Fig. 5.4b), its operating voltage is still 
higher than that of corresponding non-inverted devices (both top- and bottom-emitting 
OLEDs). At a brightness of 100 cd/m2 and 1000 cd/m2, the driving voltages are 
around 3.2 V and 3.6 V, which is about 0.5 V and 0.7 V higher than for the 
corresponding non-inverted devices. 
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5.2.3 Charge carrier injection 
The inferior electrical properties of the inverted top-emitting OLEDs compared to 
non-inverted devices are most likely due to their bad carrier injection. Thus, single 
carrier devices (hole and electron only) were used to simulate and compare charge 
carrier injection in inverted- and non-inverted OLEDs (see Fig. 5.5). Fig 5.5a is the 
J-V curve of a hole-only device with Ag as both top (as in the case of the inverted 
devices) and bottom contact (as in the case of the non-inverted devices). It is clearly 
shown that the J-V curve is asymmetric with a slightly better hole injection from the 
bottom contact (non-inverted case), although the device structure is nominally 
symmetric. The asymmetry of the J-V curve is even more pronounced in the 
electron-only device which, in contrast to the hole only device, demonstrates the 
significantly better electron injection from the top (non-inverted case). Therefore, it 
can be concluded that the higher operation voltage in inverted top-emitting OLEDs is 
due to injection problems of both holes and electrons from the bottom cathode and top 
anode, respectively. Moreover, compared to the problem of hole injection, it is 
obvious that the problem of electron injection is more severe in inverted OLEDs. 
  
Fig. 5.5. J-V curves of (a) the hole-only device and (b) the electron-only device. Their device 
structures are shown in the inset. 
5.2.4 Surface conditions of contacts 
There is a possibility that the different charge carrier injection to the emission 
layer as discussion above is mainly due to the different surface conditions (mainly 
oxidation) of the bottom cathode in inverted OLEDs compared to the top cathode in 
non-inverted devices [151]: In the case of inverted devices, it is the bottom cathode 
(Al or Ag) that is deposited before n-doped ETL is deposited. The procedure could 
induce an oxidization of the Al or Ag bottom cathode, which might lead to the 
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problem of charge injection and eventually to high driving voltages in inverted 
top-emitting OLEDs. However, it is observed that Al oxide also exists in the 
non-inverted device as shown in Fig. 5.6. This is attributed to a reaction of Al with 
residual oxygen in the deposition chamber during the evaporation of the Al top 
cathode. Fig 5.6a shows the element profile extracted from dynamic XPS spectra of a 
conventional OLED using Al and ITO as top cathode and bottom anode, respectively. 
It is clearly shown that around 10% of oxygen exists at the Al/organic (n doped Bphen) 
interface, which is attributed to native Al oxide grown during metal deposition. This is 
further confirmed in Fig 5.6b, where the dynamic XPS profile of a sample consisting 
of Al (100 nm) deposited on Bphen (100 nm) is shown. From the change of Al 2p line 
at a binding energy around 73 eV (belongs to Al) to around 76 eV (belongs to Al2O3) 
with sputtering time, we conclude an oxidization of Al in the form of Al2O3 at the 
organic/Al interface. Moreover, it has been reported by other groups that Al oxide 
improves the electron injection [152]. Therefore, an oxidization of the Al or Ag 
bottom cathode in the inverted devices is not the reason for their higher operating 
voltage.   
 
 
 
 
 
 
 
 
Fig. 5.6. (left) Element profile extracted from dynamic XPS spectra of a conventional 
bottom-emitting OLED and (right) Dynamic XPS spectra of Al 2p of an Al-on-organic sample [153].
5.3 Metal/organic interface study 
As demonstrated above, the major difference between inverted and non-inverted 
top-emitting OLEDs using Ag electrodes is their device structures with opposite 
organic layer sequence. This would lead to different metal/organic and 
organic/organic (O/O) heterojunction, as illustrated in Fig 5.7. It is expected that there 
is little difference between two O/O interfaces with opposite layer sequence because 
there is rarely interdiffusion and reaction at the interfaces [43]. Therefore, the inferior 
electrical performance of inverted top-emitting OLEDs compared to corresponding 
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non-inverted devices is most likely due to the different metal/organic interfaces. 
 Cathode
n-ETL
HBL
EML
EBL
p-HTL
Anode
                             Anode
p-HTL
EBL
EML
HBL
n-ETL
Cathode
 
Fig. 5.7. Schematic illustration of (left) an inverted top-emitting OLED and (right) a non-inverted 
top-emitting OLED. 
It is known from literature that a metal-organic pair may give different interfaces 
when the metal is deposited on the organic (O/M) and the organic is deposited on the 
metal (M/O) due to metal diffusion or reaction at the O/M interface [154-156]. It is 
thus necessary to investigate the difference of these interfaces and their effects on the 
device performance. 
5.3.1 Interfaces of metal on Bphen (ETL) and Bphen on metal 
The electron-only device structure was used to investigate interfaces of metals 
(Al or Ag) deposited on Bphen (undoped and doped) and Bphen deposited on the 
metals. Single carrier devices with only undoped ETL or n doped ETL were studied 
with the following structures: 
MiM 
Metal substrate/ Al (15 nm)/ Bphen (100 nm)/ Al (30 nm) 
nin 
Metal substrate/ Al (15 nm)/ Bphen:Cs (15 nm)/ Bphen (130 nm)/ Bphen:Cs (15 nm)/ 
Al (30 nm) 
M / ETL
e injection 
M / HTL
h injection
HTL / M
h injection
ETL / M
e injection 
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The I-V characteristics of the two devices are shown in Fig. 5.8. One can easily 
see that in the MiM device, electron injection from the top contact is much better than 
it is from the bottom contact. Due to additional n-doped Bphen layers at both bottom 
and top contact side, the nin device shows expectably much higher biased currents 
than those in the MiM device. However, electron injection from the top contact is still 
much better than from the bottom contact, especially at high bias voltage. The 
difference is not so pronounced at bias voltages below 0.4 V. C-f spectra of the MiM 
device with different bias voltage are shown in Fig. 5.9a. As expected, the C-f 
spectrum of the MiM device at the zero bias is almost independent on the frequency, 
which means that there is no carrier injection and only intrinsic charge carriers 
respond to the a.c. stimulus (20 mV). Similar to the C-f spectra at zero bias, the C-f 
curve at the bias of -6 V (bottom electrode negatively biased) still shows weak 
dependence on the frequency, suggesting that the charge injection is less efficient so 
that there is little space charges even at -6 V. In contrast, already at the bias of 4 V 
(top electrode negatively biased), the capacitance shows a steep increase towards 
lower frequency below a threshold frequency, which means that additional space 
charges respond to the a.c. stimulus and contribute to the capacitance. All these data 
indicate a lower effective electron injection barrier at the top compared to the bottom 
electrode and suggest better electron injection from the top contact, which agrees well 
with the I-V spectra shown in Fig. 5.8. 
Fig. 5.8. I-V characteristics of the MiM
(black) and nin (red) electron only 
devices. 
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Fig. 5.9. Frequency dependent capacitance (C-f) of the (a) MiM and (b) nin electron only devices at 
different bias voltages. 
Fig. 5.9b shows the C-f spectra of the nin device at different bias voltages. The 
spectrum at a bias of -0.5 V is very similar to that at 0 V, showing almost no space 
charge, indicating inefficient electron injection. However, at a bias of 0.5 V, the 
spectrum is obviously different, showing a steep capacitance increase with decreasing 
frequency, suggesting the formation of space charges. With further increase of bias 
voltage, the difference is even more pronounced with expected shifting of the 
threshold (fth) to higher frequency. Combined with the I-V characteristics of the two 
devices, one can easily conclude that although the device structure is symmetric, the 
MiM device has a smaller effective electron injection barrier from the top than from 
the bottom contact. By introducing doped transport layers at both sides (the nin 
device), as expected, the barrier heights at both sides are reduced effectively, but the 
electron injection is still better from the top contact. This is further confirmed by the 
C-V spectra of these two devices at a frequency of 100 Hz in Fig. 5.10: The n-doped 
layer can reduce the electron injection barrier at both bottom and top sides drastically, 
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but the effective electron injection barrier from the top is still lower than from the 
bottom. 
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Fig. 5.10. Capacitance as the function of bias voltage (C-V) of the (a) MiM and (b) nin electron only 
devices at the frequency of 100 Hz. 
It is known from literature that during metal deposition on organics (in the case of 
metal-on-organic), hot metal atoms bombard the underlying organic film with a 
condensation energy high enough to destroy the weakly bound van der Waals solid 
and thus leading to metal penetration and/or reactions at the organic/metal interface 
[154-156]. In contrast, when an organic is deposited on metals, the strongly bound 
metal surface is stable for the low-energy organic molecule, forming a sharp interface 
as shown schematically in Fig. 5.11. 
  
 
Fig. 5.11. Schematic diagrams of (left) an organic/metal interface and (right) a metal/organic 
interface. 
Metal on organic Organic on Metal 
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The reaction of the metal with the underlying organics at the metal-on-organic 
interface is confirmed by laser desorption/ionization-time of flight-mass spectrometry 
(LDI-TOF-MS) experiments carried out by Sebastian Scholz on the following two 
samples: 
Metal-on-organic: 
Fe target/ Bphen 20 nm/Al 15 nm 
Organic-on-metal 
Fe target/ Al 15 nm/Bphen 20 nm 
Mass spectra of these two samples are compared in Fig. 5.12. For the 
metal-on-organic sample, several other compounds are found in addition to the Bphen 
proton adduct (m/z 333), including [Bphen+Al]+ (m/z 360), [Bphen+AlO]+ (m/z 376) 
etc. It clearly indicates that hot Al atoms react with underlying Bphen during Al 
evaporation. In contrast, for the organic-on-metal sample, only the Bphen proton 
adduct can be found in the spectrum, which means that no reaction of Bphen with the 
underlying metal occurs. 
 
Fig. 5.12. LDI-TOF-MS of the samples (left) with 15 nm Al evaporated on 20 nm Bphen and 
(right) with 20 nm Bphen evaporated on 15 nm Al [157]. 
It has been reported that the reaction of hot metal with underneath electron 
conductive organic layers introduces additional gap states [158, 159]. In our case, 
when Al or Ag is evaporated on Bphen, formation of gap states is also expected as a 
result of the reaction. These gap states obviously facilitate electron injection even 
when the injection barrier is very low, as in the case of doped ETL [158, 159]. The 
same effect is also found when NET5 (Novaled electron transport material) and 
NDN1 (Novaled molecular n-type dopant) are used instead of Bphen and Cs. 
The electrical difference between the inverted top-emitting OLEDs using Al and 
Ag as bottom cathode (Al is better as bottom cathode, see Fig. 5.4) is clearly reflected 
by Fig. 5.13. Due to the doped ETL and gap states, which are advantageous for 
electron injection, the two devices show almost identical top electron injection, which 
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agrees with the conclusion that the device performance is almost independent of the 
work function of metals in non-inverted top-emitting OLEDs. However, the electron 
only device using Al as contacts has better bottom electron injection than the one 
using Ag. This is tentatively attributed to different morphologies formed between 
Bphen deposited on Al and Ag. 
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5.3.2 Interfaces of metal/HTL and HTL/metal 
It has already been shown in Fig. 5.5 that there is also a slightly different hole 
injection capability between interfaces from metal on HTL (p-doped) and HTL 
(p-doped) on metal. The single carrier device structure was also used to investigate 
interfaces of metals (Ag or Au) deposited on HTLs (undoped and doped) and the 
HTLs deposited on the metals. Since MeO-TPD easily crystallizes, which leads to a 
high leakage current, NHT5 was used instead as HTL in the hole only deviceso. To 
have as few as possible heterojunctions involved, single carrier devices with only 
undoped HTL were studied at first. Nevertheless, because of possible energetic 
barriers at the metal/organic interfaces in the MiM devices, which are due to the 
mismatch between the work function of the electrode and the ionization potential of 
the HTL, further analysis of the devices is difficult. Thus, it is desirable to have at 
least one ohmic/quasi-ohmic contact in a single carrier device. This can be fulfilled by 
introducing p-type doping: As demonstrated by the energy diagram derived from 
UPS/XPS data (Fig. 5.14), p-type doping leads to a reduced energy barrier of 0.4 eV 
                                                 
o NHT5 has a significantly higher glass transition temperature than MeO-TPD. 
Fig. 5.13. I-V characteristics of electron 
only devices using Al (black) and Ag 
(red) as electrodes. 
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at the Ag/p-MeO-TPD interface, which is low enough to ensure an ohmic contact 
between Au/Ag and the doped HTL [59].  
 
 
 
 
Fig. 5.14. Energy diagram as derived from UPS spectroscopy for the organic semiconductor 
MeO-TPD on Ag. Left side: undoped MeO-TPD on Ag; right side: MeO-TPD doped with 
F4-TCNQp. 
Four kinds of hole only devices are compared, which have the following device 
structures: 
 
 
 
 
 
 
  
 
 
 
 
 
 
Fig. 5.15. Device structure of the (a) MiM, (b) piM, (c) Mip, and (d) pidM hole only devices.  
The I-V characteristics of the four devices are shown in Fig 5.16: 
1. Fig. 5.16a shows the I-V characteristics of the MiM device. The device has better 
                                                 
p UPS measurements were conducted by Mandy Grobosch of IFW Dresden. 
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hole injection from the bottom than from the top contact, although both the top and 
bottom-biased current are very low: Around 10-7 and 10-5 mA at 4 V, respectively. 
2. Fig. 5.16b shows the I-V characteristics of the piM device. As expected, with an 
additional p-HTL at the bottom side, the bottom-biased current is improved by more 
than three orders of magnitude compared to the MiM device, reaching 4×10-2 mA at 4 
V. This improvement is attributed to the quasi-ohmic bottom contact.  
3. Fig. 5.16c shows the I-V characteristics of the Mip device. As expected, due to the 
p-HTL at the top side, the device shows much better hole injection from the top than 
from the bottom contact. However, if one compares the piM and Mip devices, the piM 
device shows surprisingly much lower bottom-biased current (less than 10-5 mA at 2 V) 
than top-biased current (around 1 mA at 2V) in the Mip device, although a p-HTL is 
used in both cases (at bottom and top side in piM and Mip devices, respectively).  
4. Fig. 5.16d shows the I-V characteristics of the pidM device. With additional 2 nm 
pure NDP2, the pidM device shows a high bottom-biased current (around 1 mA at 2 
V), which is more than five orders of magnitude higher than its piM counterpart (less 
than 10-5 mA at 2 V).  
 
 
 
Fig. 5.16. I-V characteristics of the (a) MiM, (b) piM, (c) Mip, and (d) pidM hole only devices.  
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Since the bottom contact is quasi-ohmic in the piM device, which means efficient 
hole injection at the bottom, the lower current in the piM device compared with those 
in the pidM and Mip devices must be due to the difficulties of the hole extraction to 
the top contact. From the study of the metal/Bphen interfaces in Section 5.3.1, it is 
known that when a metal is deposited on an organic, the underlying organic may 
react/be modified by the hot metal atoms. Thus, it is expected that when Au or Ag is 
evaporated onto NHT 5 or MeO-TPD, the HTL at the interface may also be modified. 
However, in contrast to the electron case where electron injection is improved, it is 
obvious that the modified HTL film blocks the hole injection and transport, acting as 
an insulator at the metal-on-organic interface. This insulator layer concept well 
explains the much more efficient bottom injection than top injection in the MiM 
device. In the piM device, the bottom-biased injection is determined by the 
qusi-ohmic contact. However, the insulating layer at the top side causes an 
accumulation of holes at the top interface, forming an internal electric field opposite 
to the external biased field and thus counteracting it, which further limits hole 
injection. From the efficient top hole injection in the Mip device, it suggested that 
p-type doping can compensate this damage somehow. This indicates that either the 
p-dopant does not react with metal atoms at all or there is maybe some kind of 
destruction/reaction which is at least not bad for hole injection. The latter assumption 
is actually confirmed by the pidM device, which shows much higher bottom positively 
biased current than that of piM device, indicating no accumulation of holes at the top 
interface and, thus, no insulator layer is formed. This suggests that only 2 nm of 
p-dopant (NDP2) are already enough to protect the underlying NHT5 layer from 
damage by metal. Therefore, it is expected that some robust hole transport materials 
such as ZnPc, CuPc etc. can also work as protective layer. This is actually confirmed 
in Fig. 5.17, where two hole only devices are compared with the following structures: 
piM 
ITO/ TNATA: F4-TCNQ (4 mol%, 30 nm)/ TNATA (200 nm)/ Au (30nm) 
pibM 
ITO/ TNATA: F4-TCNQ (4 mol%, 30 nm)/ TNATA (200 nm)/ ZnPc (2 nm)/ Au (30nm) 
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The device with 2 nm ZnPc as buffer layer (pibM device) shows a much higher 
bottom positively biased current than the device without ZnPc, which is attributed to a 
reduced damage of the HTL by ZnPc at the top interface. 
Although the evaporation of Au and Ag onto the HTL may cause damage at the 
organic/metal interface, the extent of damage is clearly different for the different 
metals as indicated in Fig. 5.18a. In Fig 5.18a, the I-V characteristics of two MiM 
devices using Au and Ag as top electrode are compared, which have the following 
device structures: ITO/ NHT5 (100 nm)/Au or Ag (30 nm). Same as in the MiM 
device in Fig. 5.16a, hole injection from the bottom electrode is much better than from 
the top electrode because of the formation of insulating layers at the top interfaces in 
both devices. However, the device using Au as the top electrode has much higher 
bottom positively biased current than the device based on Ag, which suggests less 
damage of HTL introduced by Au than by Ag. As discussed above, this damage can 
only partly be overcome by using a doped HTL, which leads to still better top 
injection in the Mip devices using Au than using Ag as top electrode (see Fig. 5.18b). 
This explains why inverted top-emitting OLEDs using Au as the top electrode have 
better electrical properties than devices using Ag (cf. Section 5.2.2).
 
 
 
 
 
Fig. 5.18. I-V characteristics of the (a) MiM and (b) Mip devices using Au (black) and Ag (red) as 
the top electrode. 
Fig. 5.17. I-V characteristics of the piM and 
pibM single carrier devices.  
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5.4 High efficiency inverted top-emitting OLEDs 
5.4.1 Inverted devices with electron injection layers 
From the above organic/metal interface study, it is clear that both electron and 
hole injection in non-inverted top-emitting devices are better than they are in inverted 
top-emitting OLEDs because:  
1. When a top contact is deposited on an ETL, the ETL is modified by metal 
deposition, leading to the formation of gap states facilitating electron injection. 
2. During top contact deposition on a HTL, the HTL is modified as well. However, 
in this case, the modified layer acts as insulator for hole injection and transport. 
It is also shown that the modification of the HTL can be reduced somewhat by 
using p-type doping at the metal/HTL interface. Therefore, the less efficient electron 
injection from the bottom contact is the major bottleneck for the inferior electrical 
performance of inverted devices as compared to corresponding non-inverted OLEDs. 
To improve electron injection from the bottom contact into an inverted device, 
additional gap states have to exist like in the case of a non-inverted device. Several 
attempts were made for intentionally introducing gap states at the bottom interfaces 
by using very thin layers (called injection layer) such as Bphen:Cs (1 nm)/Al (1 nm) 
and Alq3 (0.2 nm) LiF (0.3 nm) Al (0.4 nm). The device structures of these devices 
with and without injection layers were as follows: 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.19. Device structures of inverted top-emitting OLEDs with and without injection layers. 
The electrical properties of these three inverted devices are compared in Fig. 5.20. 
It is clearly shown that the devices with injection layers (device B and C) have 
slightly better electrical properties than the device without the injection layer (control 
device A). However, at a brightness of 100 cd/m2, the best operating voltage of them 
is still around 0.5 V higher than the non-inverted device. This suggests that the 
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injection layer can improve electron injection from the bottom contact, but can not 
completely overcome the injection problem. 
 
 
 
Fig. 5.20. (a) J-V and (b) L-V characteristics of inverted top-emitting OLEDs with and without 
injection layers. 
5.4.2 High efficiency inverted top-emitting OLEDs 
 
 
Fig. 5.21. (a) J-V, (b) L-V, (c) current efficiency, and (d) electroluminescence spectra of one of the 
best inverted top-emitting OLED. Characteristics of the non-inverted OLED reported in Chapter 4 is 
also shown for comparison.
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Although the electron injection problem in inverted devices is not completely 
overcome, which leads to higher operating voltage compared with non-inverted 
devices and, thus, lower power efficiency, high performance inverted top-emitting 
OLED regarding current and quantum efficiency can still be achieved based on the 
above study. As shown in Fig. 5.21, high efficiency inverted top-emitting were 
fabricated with comparable current efficiency with a highly efficient non-inverted 
device, which is the best inverted devices reported in literature.  
5.5 Conclusions 
It has been shown that inverted top-emitting OLEDs have inferior electrical 
properties than their non-inverted counterparts. In contrast to the case of non-inverted 
OLEDs, the influence of contact materials on the electrical properties of inverted 
devices can not be neglected. By investigating hole and electron injection by single 
carrier device structures, it is found that the higher operating voltage of inverted 
OLEDs compared to non-inverted devices is mainly due to injection problems of both 
holes and electrons from respective electrodes in inverted devices. As demonstrated 
by dynamic XPS and LDI-TOF-MS data analysis, the injection problem is not due to 
the oxidation or contamination of the bottom cathode, but rather due to differences 
between interfaces of metal/organic and organic/metal. Using the single carrier device 
approach and confirmed by C-f and C-V studies, it is demonstrated that when a top 
contact is deposited onto an electron transport layer, the underlying layer is modified 
leading to the formation of gap states, which facilitate electron injection. Top contact 
deposition onto a hole transport layer modifies the underlying layer as well. However, 
in this case, the modified layer acts as insulator for hole injection and transport. 
Based on interface studies, very thin injection layers have been used to improve 
electron injection by trying to intentionally introduce gap states at bottom cathode. 
The injection layer concept works to a certain extent, but can not overcome the 
problem completely. Nevertheless, a high efficiency inverted top-emitting OLED is 
still demonstrated which shows comparable current efficiency as one of the best 
non-inverted devices, while still having relatively inferior electrical properties.
 
 
Chapter 6 
Stability study of top-emitting OLEDs 
In this Chapter, the influence of the device structure on the operational stability of 
non-inverted top-emitting OLEDs at room temperature will be investigated. Stability 
studies will be first carried out on top-emitting OLEDs with different anode and 
cathode metals to investigate influences of the electrode material on device lifetime. 
Then, stabilities of devices with different top cathode (Ag) thickness will be compared 
and studied. Finally, extremely stable red top-emitting OLEDs having comparable 
stability to corresponding bottom-emitting devices will be demonstrated.  
6.1 Introduction 
Similar to the device efficiency, the stability of OLEDs is one of the most 
important parameters for display and lighting applications. There exist two kinds of 
stability, namely operational stability (device lifetime) and storage stability (shelf 
lifetime). It has been already established that the storage instability of an OLED is 
mainly attributed to the formation and growth of non-emissive sites or dark spots due 
to pinholes on the top contact, which create pathways for diffusion-controlled 
moisture and/or oxygen penetration [114, 160]. However, the understanding of OLED 
degradation under operation (operational stability) is still limited. Especially for 
top-emitting devices, more research work is needed to investigate the degradation 
mechanisms and eventually to achieve high device stability. 
In addition to the significant influence of moisture and oxygen on device stability 
which can be overcome by appropriate encapsulation, the intrinsic material properties 
of the organic layers are crucial for operational lifetime of bottom-emitting OLEDs. 
This includes material stability against charge carriers and/or excitons [161], thermal 
stability (morphology stability) of the organic layers against thermal stress, and the 
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stability of organic/organic and organic/metal interfaces [162] etc. These limiting 
factors are also valid for top-emitting devices. However, the structural peculiarity of 
top-emitting OLEDs, which possess thick metal bottom and thin metal top contacts 
instead of ITO and thick metal top contacts in bottom-emitting devices, is expected to 
introduce additional limiting factors on the device stability. To date, the lifetime of 
bottom-emitting OLEDs has been extensively investigated and ultra-stable devices 
have been reported with lifetimes well above 100,000 h for red and green at an initial 
luminance of 500 cd/m2 and 10000 h for blue at an initial luminance of 200 cd/m2 [4, 
143] q . In contrast, the stability of top-emitting OLEDs has remained largely 
unexplored.  
Since all top-emitting devices to be discussed have similar electrical properties, it 
makes more sense to compare the device stabilities under the same current density 
than to compare their absolute lifetime values: Due to different optical device 
structures, the devices have different outcoupling efficiencies, leading to different 
brightness at the same current density and finally different absolute lifetime although 
they may have the same device stability. Therefore, all devices were driven at the 
same current density and the initial luminance of all the devices was normalized to 1. 
Device stabilities were thus compared without considering their absolute initial 
luminance. Moreover, the device lifetime was defined as time needed for the 
normalized luminance to decay to 50% of its initial value (normalized to 1) at a 
constant current density. For those measurements that did not reach 50% of their 
initial luminance, a linear extrapolation was usedr.  
All lifetime measurements were conducted in air at room temperature. Before 
lifetime measurements, all samples were encapsulated in a glove box attached to the 
vacuum system by covering the active device area with cavity glasses and sealing the 
edges with a two-component epoxy glue.  
6.2 Influence of electrode materials on device lifetime 
6.2.1 Influence of anode materials 
The influence of the anode materials on device lifetime was investigated without 
considering their impact on the optical device structure and, thus, on the device 
                                                 
q These are lifetime data of phosphorescent OLEDs. Lifetimes of fluorescent OLEDs are expected to be 
even longer, especially for blue fluorescent devices. 
r To calculate the absolute lifetime of a device, an exponential extrapolation with a stretched exponential 
decay function (SED) is preferred. However, the calculation needs a series of data to define parameters 
experimentally. Readers are referred to Ref. 143 and 163 for details. 
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efficiency. Blue top-emitting OLEDs using Spiro-Anthracene as emitter were 
compared. Since Spiro-Anthracene is not a stable materials, only rough effects of 
anode on device lifetime can be studied here. All the devices had the following device 
structure: 
Glass substrate/ Anode/ NHT5:NDP2 (4 mol%, 40 nm)/ Spiro-TAD (10 nm)/ 
Spiro-Anthracene (20 nm)/ Bphen (10 nm)/ Bphen:Cs (30 nm)/ Al (1nm) Au (12 nm) 
In the experiment, top-emitting OLEDs based on four different anodes were compared, 
which were ITO (precoated), Cr (precoated), Cr (as-deposited), and Au (as-deposited). 
The electrical properties of the four devices are compared in Fig. 6.1. As already 
demonstrated in Chapter 4, all devices show comparable J-V characteristics in the 
OLED operation range because of the doped hole transport layer used. The different 
leakage currents are mainly due to the roughness of the bottom contacts. However, the 
device stabilities are considerably different, as shown in Fig. 6.2.  
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Fig. 6.1. J-V characteristics of top-emitting OLEDs with different anodes. 
Fig. 6.2 shows clearly that the devices using ITO and Au as anode have the 
highest stability, reaching half initial luminance after 48 h, while the device using 
precoated Cr shows the least stability with a lifetime below 20 h. Consistent with its 
electroluminescence degradation behavior, the device using precoated Cr shows the 
most pronounced operation voltage increase. The device based on as-deposited Cr has 
a better stability (30 h from linear extrapolation) than the precoated Cr device, but its 
                                                 
s The lifetime of a standard bottom-emitting OLED using Spiro-Anthracene is less than 300 h at an initial 
luminance of 100 cd/m2. 
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lifetime is still shorter than devices using ITO and Au. In a lifetime study of 
bottom-emitting OLEDs, it has been reported that mobile ionic impurities initiated by 
metal diffusion are responsible for device degradation and voltage increase [164, 165]. 
However, the degradation mechanism by ionic impurities is unlikely in the 
top-emitting OLEDs discussed here, since Cr has been even used as buffer layer to 
retard noble metal diffusion in organics [166]. As a reactive metal [167], it is found 
that Cr always reacts and forms bonds to organics [168]. Thus, the reaction of bottom 
Cr anode with the hole transport layer is also expected in our devices, which is most 
likely responsible for the bad stabilities of the devices based on Cr (both precoated 
and as-deposited Cr). 
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Fig. 6.2. Electroluminescence (EL) degradation (line + symbol, left axis) and corresponding 
operating voltage increase (line, right axis) of the devices under constant current density of 40 
mA/cm2. 
Since the blue emitter (Spiro-Anthracene) used above is unstable itself, which 
could also dominate luminance decay, it is desirable to check the influence of the Cr 
bottom anode on devices using more stable emitters. The red phosphorescent emitter 
system TMM004:TER004 was thus used [169], with which a standard 
bottom-emitting OLED showed a lifetime well above 10000 h at an initial luminance 
of 100 cd/m2. Stabilities of two red top-emitting OLEDs were compared, which had 
the identical device structure but different anode/HTL interfaces with the following 
device structures:  
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OLEDs Anode HTL EBL EML HBL ETL Cathode 
Device A 
Cr 
>100 nm 
Device B 
Cr/Au 
>100/2 nm 
NHT5: 
NDP2 
85 nm 
Spiro-TAD
10 nm 
TMM004: 
TER004 
25 wt%, 20 nm
Bphen
10 nm
Bphen: 
Cs 
50 nm 
A1/Au 
1/12 nm 
Table 1. Device structure of two red top-emitting OLEDs with different anode. 
Precoated Cr substrates were used in both the devices, having different anode/HTL 
interfaces: In device A, the HTL is directly contacted with Cr while for device B, 
additional 2 nm Au were introduced in between Cr and the HTL. Fig. 6.3 shows 
clearly that with additional 2 nm Au, device B has a much better stability than device 
A: At the current density of 60 mA/cm2, the Cr device (device A) reaches half initial 
luminance after 178 h, while the CrAu (device B) device has a much better stability 
reaching half initial luminance after 482 ht. The results confirm the conclusion made 
above that the anode material has a large influence on the device stability and that the 
reaction of the bottom Cr anode with the HTL leads to a reduced device stability. 
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Fig. 6.3. Electroluminescence degradation (line + symbol, left axis) and corresponding operating 
voltage increase (line, right axis) of the devices under constant current density of 60 mA/cm2. 
Device A: without Au interlayer; Device B: with Au interlayer. 
                                                 
t At an initial luminance of 100 cd/m2, the estimated absolute lifetime (linearly extrapolation) of the 
OLEDs on Cr and CrAu are 2775 h and 8778 h, respectively. 
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6.2.2 Influence of cathode materials 
It is expected that the choice of top cathodes will also have large influence on the 
device stability since the evaporation of metal onto organic layers may lead to metal 
diffusion into the organics or reactions with the underlying layers. Red top-emitting 
OLEDs using TMM004:TER004 as emitter system were compared to study the 
influence of the cathode material, which had the following device structure: 
Glass substrate/ Cr (precoated)/ NHT5:NDP2 (4 mol%, 85 nm)/ Spiro-TAD (10 nm)/ 
TMM004:TER004 (20 wt%, 20 nm)/ Bphen (10 nm)/ Bphen:Cs (50 nm)/ Cathode 
Different cathodes were used, including Ag 15 nm (Ag), Al 1 nm Ag10 nm (AlAg), Al 
1 nm Au 10 nm (AlAu) and Au 10 nm (Au). The electrical properties of these four 
devices are compared in Fig. 6.4. 
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Fig. 6.4. J-V characteristics of top-emitting OLEDs with different cathodes. 
All devices show comparable J-V characteristics, even the device using high 
work function Au as cathode, which is due to the n doped ETL. However, these 
devices show different stability (see Fig. 6.5). The Ag device shows the least stability 
with a lifetime of only 84.5 h. Consistent with the fastest degradation, the Ag device 
has the most pronounced increase of driving voltage with lifetime measurement. By 
introducing 1 nm Al at the Ag/n-ETL interface, the device lifetime (AlAg) is 
improved significantly by almost a factor of two, reaching 150 h with small voltage 
increase. On the other hand, the device using Au as top cathode shows similar stability 
as the AlAg device. Upon insertion of additional 1 nm Al (AlAu), the stability of the 
device remains unchanged (125 h). All this indicates that a direct contact of Ag with 
the ETL causes problems regarding device stability, which are believed to be due to 
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diffusion of Ag into the organic stack [166, 170]. It is also suggested that a very thin 
Al film (around 1 nm) can retard this diffusion effectively, which agrees with the 
research results of other groups on noble metal diffusion in organics [166]. It is 
known that 1 nm of Al does not form closed layer on any organic material. Thus, the 
retardation of Ag diffusion may be explained differently: Al is a very reactive metal 
and is expected to react with organics at the metal/organic interface. The reaction 
results in a very fine dispersion of Al atoms at the interface, which act as effective 
traps to Ag atoms arriving followed by self-aggregation of Ag atoms at the interface. 
As a result, there is no isolated Ag atom in the ETL and, thus, no Ag atom diffusion 
under external electric field during lifetime measurement [166]. 
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Fig. 6.5. Electroluminescence degradation (line + symbol, left axis) and corresponding operation 
voltage increase (line, right axis) of the devices with different cathodes under constant current 
density of 50 mA/cm2. 
6.3 Influence of Ag top contact thickness on device stability 
To achieve maximum light outcoupling from the top contact, usually very thin 
metal layers (around 15 nm) are used as top contact in a top-emitting OLED. Such 
thin metals layer may cause stability problems in top-emitting OLEDs. Therefore, the 
stability of four OLEDs with different Ag top contact thickness was studied. In order 
to have light coupled out from all samples (even from such samples with very thick 
metal top contact), all devices were built on ITO instead of metal substrates with the 
following structure: 
Glass substrate/ ITO (90 nm)/ NHT5:NDP2 (1.5 mol%, 55 nm)/ NPD (10 nm)/ NPD: 
Ir(piq)3 (20 wt%, 20 nm)/ BAlq (10 nm)/ Bphen:Cs (40 nm)/ Ag (thickness variation) 
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Four different top cathode thicknesses were tested, which were 15 nm, 30 nm, 60 nm, 
and 90 nm. The luminance degradation of all samples was measured in bottom 
emission. Fig 6.6 shows the luminance degradation and the relative operating voltage 
increase of all four devices. The device using a 15 nm Ag top contact exhibits a very 
short lifetime, reaching half luminance after 400 h. By increasing the thickness of the 
top contact to 30 nm, the device lifetime is increased dramatically by a factor of 5, 
reaching a lifetime of 2000 h. By further increasing the top contact thickness, however, 
the device lifetime cannot be improved anymore. Although there is no direct evidence, 
the device stability improvement by increasing the top contact thickness from 15 nm 
to 30 nm can be explained tentatively as follows: Because Ag normally forms large 
clusters with low cluster density at the organic/metal interface [171], it is expected 
that 15 nm Ag on organic is not a densely packed film, which leads to residual 
moisture and oxygen penetration. With the increase of Ag thickness (for example to 
30 nm), a closed layer is formed so that moisture and oxygen penetration can be 
inhibited and, hence, the device stability is improved [172]. There is no substantial 
increase of device stability by a further increase of Ag thickness. 
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Fig. 6.6. Electroluminescence degradation (line + symbol, left axis) and corresponding operation 
voltage increase (line, right axis) of the devices with different cathode thickness under constant 
current density of 30 mA/cm2. 
6.4 Ultra-stable red top-emitting OLEDs  
Unfortunately, it is impossible to improve the stability of a top-emitting OLED by 
increasing its top contact thickness. If a metal such as Ag is used as top contact, a 
thick metal layer would compromise the device efficiency due to its large absorption
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loss. On the other hand, if a transparent conductive oxide such as ITO is used as top 
contact, the absorption loss can be reduced, but since it needs sputtering deposition, 
this would deteriorate the electrical device properties and, eventually, the device 
efficiency. 
In Section 6.2.2, it was demonstrated that 1 nm Al can effectively retard Ag 
diffusion into the device due to trapping of Ag atoms by finely dispersed Al atoms. 
The trapping of Ag is expected to result in smaller Ag clusters with a high cluster 
density and, thus, forming a densely packed Ag film even at low thickness. Therefore, 
it is expected that the introduction of a thin Al buffer layer can not only retard the Ag 
diffusion, but also inhibit moisture and oxygen diffusion. The mechanism is indirectly 
confirmed by comparing device lifetimes of three kinds of top-emitting OLEDs to the 
stability of an ultra-stable bottom-emitting OLED reported by our group, which 
showed a long lifetime around 1.5 ×106 h at 500 cd/m2 [143]. All top-emitting devices 
had an identical structure, but different Al buffer layer thickness: 
Glass substrate/ ITO (90 nm)/ Ag (50 nm)/ NHT5:NDP2 (1.5 mol%, 55 nm)/ NPD (10 
nm)/ NPD: Ir(piq)3 (20 wt%, 20 nm)/ BAlq (10 nm)/ Bphen:Cs (40 nm)/ Al (0-3 nm)/ 
Ag (15 nm) 
The thickness of the Al buffer layer was 0, 1, and 3 nm, respectively. The stability of 
these devices is compared in Fig. 6.7 with the stability of a standard bottom-emitting 
OLED as reference.  
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Fig. 6.7. Electroluminescence degradation (line + symbol, left axis) and corresponding operation 
voltage increase (line, right axis) of the devices with different Al buffer layer thickness under 
constant current density of 30 mA/cm2.  
As shown in Fig. 6.7, the device without Al buffer layer (black curve) shows a 
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drastic luminance drop within the first 150 h, which is assumed to be mainly due to 
Ag diffusion. Then, a slow degradation is found, which is assigned to annihilation of 
the emissive centers [163]. After 1200 h, another luminance drop begins with a faster 
increase of operation voltage, which indicates that device degradation is mainly due to 
moisture and oxygen diffusion. As expected, the device having additional 1 nm Al 
(red curve) has much better stability showing no obvious luminance drop, which is 
completely different from that without Al layer. It is clearly seen that the device 
stability is even slightly better than the reference bottom OLED having ITO and Al 
(>100 nm) as bottom and top contact, respectively [143]. By further increasing the Al 
thickness to 3 nm, there is no improvement of device lifetime (green curve) but rather 
a decrease. The comparison of stability in Fig. 6.7 suggests that a 1 nm Al buffer layer 
is already thick enough to obtain very stable top-emitting OLEDs, although the total 
top contact thickness is as thin as 16 nm.  
It is clearly shown in the figure that the top-emitting OLED with 1 nm Al buffer 
layer has even better stability than the reference bottom device that has a reported 
lifetime around 1.5 ×106 h at 500 cd/m2 [143]. Therefore, it is expected that a 
top-emitting OLED can also have an absolute lifetime above 1 million hours. 
However, since the top-emitting OLED studied here has a current efficiency of only 2 
cd/A at a current density of 30 mA/cm2 due to its deep red emission 
(electroluminescence peak wavelength at 690 nm), the absolute device lifetime is 
much lower than its bottom-emitting counterpart. Nevertheless, the top-emitting 
device still shows a very long lifetime around 14 000 h when extrapolated linearly at 
an initial luminance of 500 cd/m2.  
6.5 Conclusions  
It has been shown that both the bottom and the top contact of a top-emitting 
OLED may have a large influence on the device stability: A top-emitting device using 
Cr as bottom contact shows much shorter operational lifetime than devices based on 
other conductors (ITO, Au, and Ag). This reduction of lifetime is tentatively attributed 
to the reaction of Cr with the HTL. On the other hand, a top-emitting OLED using Ag 
directly as top contact shows also a bad stability, which is assumed to be due to Ag 
diffusion as well as to residual moisture and oxygen penetration through the thin top 
contact. Moreover, it has been demonstrated that an Al buffer layer as thin as 1 nm 
can be used to significantly improve the device lifetime, which is explained as follows: 
Deposited Al atoms act as trap for subsequent Ag atoms leading to a densely packed 
Ag film even at low thickness. As a consequence, Ag diffusion in the HTL is 
effectively retarded and moisture and oxygen penetration is inhibited.
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 All the explanations given above are tentatively only. To have direct evidence of 
the assumed metal diffusion, reaction, and moisture and oxygen penetration during 
lifetime measurements, other technologies for interface study and surface analysis, 
and element diffusions have to be used. Nevertheless, an ultra-stable top-emitting 
OLED with Al buffer layer has been demonstrated which has an even better stability 
than a corresponding bottom-emitting device.
 
 
Chapter 7 
Summary and outlook 
7.1 Summary 
In this work, high efficiency top-emitting OLEDs have been achieved with 
external quantum efficiencies reaching 15% (phosphorescent red), 20% 
(phosphorescent green), and 5% (fluorescent blue) at a luminance of 1000 cd/m2, 
which are comparable or even better than corresponding bottom-emitting devices and 
represent the world best results yet reported. The excellent performance of the devices 
is mainly attributed to the following two factors: 
1. Doped transport layers  
In addition to reducing device operation voltage reported before, the use of doped 
transport layers allows optimizing the electrical and optical properties of top-emitting 
OLEDs simultaneously.  
2. Outcoupling enhancement by a capping layer  
It has been demonstrated that both the current efficiency in forward direction and the 
external quantum efficiency of the device can be improved significantly by an 
additional capping layer. This improvement is attributed basically to the enhancement 
of the device outcoupling efficiency due to the modification of the optical device 
structure by this capping layer, which produces a microcavity enhancement effect 
while minimizing the absorption. 
 In addition, we have demonstrated that the efficiency of top-emitting OLEDs can 
be much higher than corresponding bottom-emitting OLEDs even at similar 
outcoupling efficiency: Due to enhanced intrinsic quantum yield as the result of 
shorter triplet exciton lifetime and comparable radiative and non-radiative 
recombination rates, red top-emitting OLEDs showed a significantly higher external 
quantum efficiency (more than +35%) than the red bottom-emitting OLEDs. It was 
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also demonstrated that the decrease of triplet lifetime results in reduced bimolecular 
quenching processes, especially in the high current density range. 
Inverted top-emitting OLEDs were also studied in the work. It has been shown 
that inverted top-emitting OLEDs have relatively poor electrical properties compared 
to their non-inverted counterparts, which is mainly attributed to the rather poor 
injection of both holes and electrons from respective electrodes in inverted devices. 
Using the single carrier device approach and confirmed by C-f and C-V studies, it has 
been demonstrated that, when a top contact is deposited onto an electron transport 
layer, the underlying electron transport layer is modified, leading to the formation of 
gap states, which facilitate electron injection. It was found that top contact deposition 
onto a hole transport layer modifies the underlying HTL as well. However, in this case, 
the damaged layer acts as insulator for hole injection and transport. A high efficiency 
inverted top-emitting OLED was still demonstrated which shows comparable current 
efficiency as one of the best non-inverted devices, while still having inferior electrical 
properties. 
Finally, stabilities of top-emitting OLEDs were studied. It has been shown that 
both the bottom and top contact of a top-emitting OLED have a large influence on the 
device stability, which is tentatively attributed to reaction of the metal contact with the 
adjacent organic layer or metal diffusion in the device. Moreover, it has been 
demonstrated that an Al buffer layer as thin as 1 nm can be used to significantly 
improve the device lifetime, which was explained as follow: Deposited Al atoms act 
as trap for subsequent Ag atoms. As a consequence, Ag diffusion in the HTL is 
effectively retarded and moisture and oxygen penetration is inhibited. Based on these 
studies, an ultra stable top-emitting OLED with Al buffer layer was demonstrated 
which has an even better stability than a corresponding bottom-emitting device. 
7.2 Outlook 
From the single carrier device approach, it was demonstrated that there is a large 
difference of charge carrier injection capability between a metal-on-organic and an 
organic-on-metal contact. The difference was attributed to modification of underlying 
organics during hot metal atom deposition, which was confirmed by LDI-TOF-MS 
experiment. However, for a deeper understanding of these metal/organic interfaces, it 
is obvious that further detailed interface studies such as UPS and XPS are helpful. 
In addition, C-V and C-f measurements were used in this work to study charge 
carrier injection in single carrier devices. It is also possible to obtain the thickness of 
modified region in single carrier devices if more extensive C-V and C-f measurements 
are carried out. 
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In the lifetime study of top-emitting OLEDs, the influence of both anode and 
cathode as well as top contact thickness on device stability was explained based on 
metal diffusion, reaction, or residual moisture and oxygen penetration. Although 
ultrastable top-emitting OLEDs have been achieved based on these studies, all 
explanations given above are tentatively only without direct evidences. Therefore, 
other technologies regarding interface study, surface analysis, and element diffusions 
have to be used. Moreover, it was found that the luminance intensity of some 
top-emitting OLEDs increased with aging, which is an abnormal phenomenon rarely 
found in corresponding bottom-emitting OLEDs. It is obvious that the peculiar 
structure of top-emitting over bottom-emitting OLEDs leads to such a phenomenon. 
To explain this, more extensive studies on lifetime of top-emitting OLEDs are 
necessary.
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List of symbols 
β     Electric field activation parameter of the mobility 
δB     Barrier height 
κr      Radiative decay rate 
κnr      Non-radiative decay rate 
μ0     Charge carrier mobility without field 
φB     Phase shift at the bottom contact 
φT     Phase shift at the top contact 
Ψ     Wavefunction 
λ     Wavelength 
ηout     Outcoupling efficiency 
ηext     External quantum efficiency 
ηp     Power efficiency 
ηC     Current efficiency 
ηint     Intrinsic quantum yield 
τ     Exciton lifetime 
ω     Frequency 
Φ0     Total light flux 
A     Absorbance 
A*     Richardson constant 
c     Velocity of light in vacuum 
Cp     Capacitance 
De     Exciton diffusion constant 
E     Energy level 
F     Electric field 
g (λ)    Spectral shape function 
H     Hamiltonian 
h     Planck’s constant 
J     Current density 
kB      Boltzmann constant 
KTT     Rate constant of triplet-triplet annihilation 
KP     Rate constant of triplet-polaron quenching 
ni     Refractive index 
L(λ)     Spectral luminous flux 
R     Reflectance 
Rp     Resistance 
S1     Lowest singlet excited state 
S(T)    Seebeck coefficient 
T1     Lowest triplet excited state 
T      Absolute temperature 
Tg     Glass transition temperature 
V (λ)    Spectral luminous efficiency function 
Vm     Mode volume
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List of abbreviations 
α-Si    Amorphous silicon 
AM     Active matrix 
CPEs    Constant phase elements 
CT     Charge-transfer 
DOS    Density of states 
EBL    Electron blocking layer 
EIL     Electron injection layer 
EL     Electroluminescence 
EML    Emission layer 
EQE    External quantum efficiency 
ET     Energy transfer 
ETL    Electron transport layer 
FPDs    Flat panel displays 
FWHM    Full width at half maximum 
HBEC    High binding energy cutoff 
HBL    Hole blocking layer 
HIL     Hole injection layer 
HOMO    Highest occupied molecular orbitals 
HTL    Hole transport layer 
IC     Internal conversion 
IDIS    Induced density of interface states 
IP     Ionization potential 
ISC     Intersystem crossing 
LACO    linear combination of atomic orbitals 
LDI-TOF-MS  Laser dessorption/ionization-time of flight-mass spectrometry 
LTPS    Low-temperature polycrystalline silicon 
LUMO    Lowest unoccupied molecular orbitals 
OLEDs    Organic light-emitting diodes 
PL     Photoluminescence 
PM     Passive matrix 
SCLC    Space charge limited current 
TTA    Triplet-triplet annihilation 
TPQ    Triplet-polaron quenching 
TFT    Thin film transistor 
TCLC    Trap charge limited current 
UPS    Ultraviolet photoelectron spectroscopy 
XPS    X-ray photoelectron spectroscopy
List of compounds 
 
122
List of compounds 
α-NPD    N, N'-di(naphthalen-2-yl)-N, N'-diphenyl-benzidine 
BAlq    bis(2-methyl-8-quinolinolato)-(para-phenylphenolato)-aluminium(III) 
Bphen    4,7-diphenyl-1,10-phenanthroline 
FIrpic     iridium(III) bis[(4,6-difluorophenyl)-pyridinato-N,C2]picolinate 
F4-TCNQ   2,3,5,6-tetrafluoro-7,7,8,8-tetracyano-quino dimethane 
Ir(piq)3    tris(1-phenylisoquinoline)iridium 
Ir(ppy)3    tris(2-phenylpyridine) iridium 
ITO     indium tin oxide 
MeO-TPD   N,N,N',N'-tetrakis(4-methoxyphenyl)-benzidine 
Spiro-Anthracene  9,10-Bis(9,9'-spirobi[9H-fluorene]-2-yl)anthracene 
Spiro-DPVBi   2,2',7,7'-tetrakis(2,2-diphenylvinyl)spiro-9,9'-bifluorene 
Spiro-TAD   2,2',7,7'-tetrakis-(N,N-diphenylamino)-9,9´-spirobifluorene 
TCTA    4,4',4''-tris(N-carbazolyl)-triphenylamine 
TPBI    2,2',2''-(1,3,5-benzenetriyl)tris[1-phenyl-1H-benzimidazole] 
ZnPc    zinc-phthalocyanine
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